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Abstract. The paper contains description of the main properties of the galactic dark 
matter (DM) particles, available approaches for detection of DM, main features of direct 
DM detection, ways to estimate prospects for the DM detection, the first collider search 
for a DM candidate within an Effective Field Theory, complete review of ATLAS results 
of the DM candidate search with LHC RUN I, and less complete review of ’’exotic” dark 
particle searches with other accelerators and not only. 

From these considerations it follows that one is unable to prove, especially model- 
independently, a discovery of a DM particle with an accelerator, or collider. One can 
only obtain evidence on existence of a weakly interacting neutral particle, which could 
be, or could not be the DM candidate. 

The current LHC DM search program uses only the missing transverse energy sig¬ 
nature. Non-observation of any excess above Standard Model expectations forces the 
LHC experiments to enter into the same fighting for the best exclusion curve, in which 
(almost) all direct and indirect DM search experiments permanently take place. But this 
fighting has very little (almost nothing) to do with a real possibility of discovering a DM 
particle. The true DM particles possess an exclusive galactic signature — annual mod¬ 
ulation of a signal, which is accessible today only for direct DM detection experiments. 
There is no way for it with a collider, or accelerator. 

Therefore to prove the DM nature of a collider-discovered candidate one must find 
the candidate in a direct DM experiment and demonstrate the galactic signature for the 
candidate. Furthermore, being observed, the DM particle must be implemented into a 
modern theoretical framework. The best candidate is the supersymmetry, which looks 
today inevitable for coherent interpretation of all available DM data. 


1. Dark matter particles are stable, neutral, with a clear galaxy feature 

Galactic Dark Matter (DM) particles do not emit or reflect any detectable electromagnetic 
radiation and clearly manifest themselves today only gravitationally by affecting other astro- 
physical objects. Numerous observational indications at astronomical and cosmological scales 
[nuiasiiaEiiTiEiEKiniEi], as well as results from very sophisticated numerical many-body 
simulations of genesis of cosmic large- and small-scale structures (see, for example, [Ej); indicate 
the presence of this new form of matter in the Universe. 

In particular, stars and gas clouds in galaxies and galaxies in clusters move faster than can 
be explained by the pull of visible matter alone. Light from distant objects may be distorted 
by the gravity of intervening dark material. The pattern of the large-scale structures across the 
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Universe is largely dictated by DM. In fact, about 85% of the Universe’s mass is dark, accounting 
for about a quarter of the total cosmic energy budget [2]. Some of recent reviews on the subject 
can be found also in [Ml. 

For further consideration the local density (nearby the solar system) and local distribution 
of the relic DM-particle population are both very important m- To allow a measurable direct 
detection event rate in a modern DM-detector it must be not very low mm [Tn] . According 
to estimates based on a detailed model of our Galaxy |16) the local density of DM amounts to 
about — 0.3 GeV/cm^ ~ 5 • 10“^^g/cm^. Recent studies argue that the current best-ht 

value for the local DM density, which should be used as a benchmark for direct DM detection 
searches, is 0.4-0.5 GeV/cm^ [SlIIT]. The local flux of DM particles, which can cross the Earth, 


is expected to be $^1 — 10 


100 GeV 


cm ^s where m-pjyj is the DM particle mass. In other 


m 


DM 
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words, one can expect that 1 cm^ of the Earth’s surface meets about 10^ DM particles each 
second, provided their mass equals to 100 GeV/c^. This value is often considered as a promising 
basis for laboratory direct DM search experiments. 

Eurthermore, the Big Bang conception of the early Universe [18] strongly supports the idea 
of non-gravitational coupling of the DM particles with the ordinary matter. This interaction 
could be very weak, but not completely vanishing. 

Despite many other possibilities m the Weakly Interacting Massive Particle (WIMP) is 
among the most popular candidates for the relic DM. Being electrically neutral and interacting 
rather weakly, the WIMPs naturally reproduce the correct relic DM abundance, if their masses 
coincide with a typical new physics TeV-scale — Mwimp < ^ 1-8 TeV |2n|. This coincidence 
adds extra interest to the search for the DM particles, especially directly with the LHG, which 
is nowadays the best artificial TeV-scale-physics explorer. 

These particles are non-baryonic and there is no room for them in the Standard Model of 
particle physics (SM), in particular due to the Big Bang nucleosynthesis, which successfully 
predicts the abundances of light elements such as deuterium, helium and lithium arising from 
interactions in the early Universe. Furthermore, to explain the way in which galaxies form and 
cluster, these massive DM particles should be non-relativistic, or so-called ’’cold DM” particles. 
If they were relativistic, they could easily travel beyond the typical scale of a protogalaxy, and 
galaxy-scale structures would not have chance to appear |2|. 

Therefore one needs a New Physics beyond the SM (BSM). The lightest supersymmetric 
(SUSY) particle (LSP), the neutralino, in many R-parity conserving model realizations of SUSY 
(MSSM, NMSSM, mSUGRA, etc) — being massive, neutral, stable and possessing correct relic 
abundance — very naturally plays the role of the WIMP DM particle. 

The primary goal of modern particle physics and astrophysics is to detect the DM particles 
that constitute the massive invisible halo of the Milky Way. 

One believes [2] that in spite of decades of compelling efforts, all attempts to detect DM 
particles have failed so far (with one important exception of DAMA/LIBRA results). This 
”DM Problem” is a real challenge for modern physics and experimental technology. To solve 
the problem, i.e. at least to detect these DM particles, one simultaneously needs to apply the 
front-end knowledge of modern particle physics, astrophysics, cosmology and nuclear physics. 
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Furthermore one should develop and have in long-term usage an extremely high-sensitive setup, 
to say nothing about complex data analysis methods (see, for example, discussion in [2T]). 

It is clear why so many papers concerning the DM problem are published. The papers discuss 
new DM candidates, new DM detection methods and new technologies for the DM search, new 
strategies and new models, etc. Nevertheless, on this way one point almost always stays in 
shadow, and this is the galactic origin and galactic belonging of the searched-for and to a much 
greater extent, ever registered DM candidates. The nature must be clearly used for the search 
strategy and especially to prove the registration of the ’’true” DM particles. 

2. How DOES ONE WANT TO DETECT THE DM? 

There is a common belief that the DM problem can be solved by means of a complete and 
balaneed research program based on the following four categories. 

Direct Detection experiments look for a direct DM interaction in an underground terrestrial 
low-background laboratory, where a DM particle scatters off a (nuclear) substance of a detector, 
producing a detectable recoil and/or ionization signal. 

Indirect Detection experiments are unable to detect DM directly, but with (huge) terrestrial 
setups try to register products of DM particle annihilations in cosmic objects like the Earth, 
the Sun, our own and/or another galaxy. It is assumed that pairs of DM particles annihilate 
each other producing high-energy ordinary particles (antimatter, neutrinos, photons, etc). In 
some models, the DM particles can be metastable and eventually decay with production of SM 
particles. 

Particle Collider experiments can help one to understand the properties of the DM particles. The 
LHC and future lepton and hadron colliders can produce energetic DM particles that obviously 
will escape detection, but could be registered by means of an excess of events with missing 
energy or momentum. 

Astrophysical Probes provide one with information about non-gravitational interactions of DM 
particle populations, such as DM densities in the centers of galaxies and cooling regimes of stars. 
The particle properties of DM are constrained here through observation of their joint impact 
on astrophysical observables. Examples include self-interaction of DM particles affecting central 
DM densities in galaxies (inferred from the rotation velocity or velocity dispersion), mass of DM 
particle affecting the DM substructure in galaxies (inferred from strong lensing) and annihilation 
of DM in the early Universe affecting the Cosmic Microwave Background (CMB) fluctuations 

m- 

These search strategies are schematically shown in Fig.[^ Each of these approaches has its own 
advantages and disadvantages. Therefore, one speaks about different types of complementarities 
of them [HIES]. 

Below some words are said about the indirect detection experiments and the astroparticle 
probes. The direct detection technique and searches with colliders are discussed in sections 
and in in more detail. 

The idea of the indirect detection relies on a set of reasonable assumptions. One believes 
that a DM particle on its way through the space can be attracted by a rather massive cosmic 
body, like the Sun, and one day can be trapped by the gravitational potential of the body. 
Afterwards this particle oscillates in the potential and passes many-many times through the 
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Figure 1. The idea of DM particle registration with a terrestrial setup relies on the 
common belief that DM can interact non-gravitationally with nuclear matter, leptons, 
gauge and other bosons, and with other possible dark particles. These interactions may 
be studied nowadays with direct and indirect detection techniques, particle colliders, and 
via astrophysical probes [22]. 


ordinary matter of the body. In the course of this inevitable travel the WIMP nature of the DM 
plays a crucial role, the particle eventually loses its kinetic energy due to a non-vanishing weak 
interaction and after some time sinks into the deepness of the body. After accumulation of a 
critical amount of the DM particles within the body they start a permanent process of mutual 
annihilation (again via weak-scale interaction). The annihilation products in a due course leave 
the body in the form of fluxes of y-rays, X-rays, neutrinos, electrons and positrons, to a much 
less extent, antiprotons and antideuterons. Registration of these fluxes with a proper terrestrial 
setup constitutes the indirect detection of DM. Therefore the aim of the indirect DM search is 
registration of the processes in outer space that were responsible for modern relic DM density. 
These (mainly annihilation) processes are still under way, especially in some space regions where 
the local DM density can strongly exceed the average relic DM density |23j . 

The indirect detection technique includes [2U [25l [2^ space and ground-based gamma-ray 
telescopes like the Fermi Large Area Telescope (Fermi-LAT) [27j, cosmic ray detectors, large 
underground, under-ice and underwater Cherenkov neutrino telescopes like Super-Kamiokande 
(see, for example, [28]), IceCube (see, for example, [29]), ANTARES [30] and BAIKAL (see, for 
example, [31]). 

The main disadvantage of the indirect detection technique is the ’’ordinary” astrophysics, 
which can easily produce irreducible backgrounds [23]. Indeed, one must conclude that until 
now all attempts to detect DM indirectly have been inconclusive [2]. 

In particular, an excess of positrons in the cosmic-ray spectrum up to 350 GeV, reported by 
the Alpha Magnetic Spectrometer (AMS-02) on the International Space Station (ISS) [32], can 
be due to the DM particle annihilations. The excess strengthened previous results from the 
Payload for Antimatter Matter Exploration and Light-nuclei Astrophysics (PAMELA) satellite 
[33]. Nevertheless these ’’extra” positrons can be produced by other sources, such as winds from 
rapidly rotating neutron stars [2]. Further observations of positrons with AMS-02 at higher 
energy might distinguish between these hypotheses |34j . 
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Recently, the AMS-02 collaboration has reported results of the cosmic-ray antiproton mea¬ 
surement. Antiprotons can be a product of annihilation or decay of galactic DM. It was claimed 
in [Ml ESI ES] that this p flux does not exceed uncertainties of the astrophysical secondary p 
flux. Nevertheless the expected secondary antiproton flux has a tendency to be smaller than the 
observed one at energy > 100 GeV, allowing one to still think about a DM contribution in that 
energy range [371138] . 

Another excess of 7 -rays, in the form of a narrow line at 130 GeV, from the Galactic center 
where DM particles can concentrate and annihilate, was observed by the Fermi Gamma-ray 
Space Telescope |39l HO] . But a similar line from the Earth’s atmospheric limb implies that at 
least part of the signal must be instrumental by origin mm- The High Energy Stereoscopic 
System (HESS) 7 -ray telescope in Namibia (see, for example, |12]), which is observing the 
inner Galaxy in the 100 GeV to 1 TeV energy range, can resolve the situation in coming years. 
Preferred in these cases, DM particle masses are expected to be in the range 10-40 GeV/c^ 
and are rather sensitive to details of the electron interstellar propagation |2]. The existence of 
DM with these masses can also be probed by the temperature fluctuations of the GMB. The 
fluctuations would be damped by any delay in recombination, which is expected for such mass 
DM particles annihilation. The lower the mass, the more ionizing photons are produced for any 
cosmologically specified DM density. It is anticipated that the Planck satellite will soon set a 
more definitive constraint on self-annihilating DM particle masses below 30-40 GeV/c^ |2] . 

There are also plans for a variety of sensitive gamma-ray telescopes in the energy range 1-100 
MeV aimed at indirect study of low-mass DM annihilation or decay @31111115]. 

Simultaneously, one looks for more massive (TeV-scale) particles, which could be difficult to 
detect directly, because one should expect much smaller number density of them to fit current 
DM density. The gamma-ray astronomy has no such a limitation. The international Cherenkov 
Telescope Array (CTA) with more than 100 ground-based dedicated telescopes is planned to 
capture Cherenkov light flashes from 7 -rays scattered by the atmosphere. The CTA will be able 
to measure 7 -rays with 100-TeV energy, which could be generated by annihilations or decays of 
DM with 100-TeV scale masses. This energy scale reaches the highest limit on the DM mass 
expected from fundamental physics arguments |25j . With GAMMA-400 @ 6 ] 7 -ray telescope one 
expects new results in the energy range 0.1 - 3000 GeV HailHlIlHllHo]. 

An investigation of the angular cross-correlation of non-gravitational signals with low-redshift 
gravitational probes is proposed in m as a most powerful technique to detect DM signal outside 
the Local Group. This technique is more sensitive than other extragalactic 7 -ray probes, such as 
the energy spectrum and angular autocorrelation of the extragalactic background, and emission 
from clusters of galaxies. In particular, the measured cross-correlation can be explained by a 
DM particle, with thermal annihilation cross section and mass between 10 and 100 GeV/c^ [51j . 

More information about indirect DM search experiments can be found, for example, in |13ll52j . 

Due to unprecedented accuracy of astronomical observations there are today many different 
variants for the astrophysical probes (assays) of the DM existence in the sky. 

For example, one can look for a large number of starless DM halos surrounding the Milky Way, 
which are not yet detected but well expected in modern cosmology and astrophysics as the cold 
DM. These DM halos, in the form of clumps or streams, can move through or orbit the Milky 
Way and can increase substantially the direct DM detection rates together with production of 
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rather small, but detectable, velocity changes of the stars in the galaxy disk. These kinematic 
signatures will be detected by the new space telescope GAIA [53] provided the starless DM halos 
take place in the sky [54| . 

Next, the amount of DM accumulated in the neutron stars together with the energy deposition 
rate from the DM decays could set a limit on the neutron star survival rate against transitions 
to more compact objects provided that DM is indeed unstable. This limit sets constraints on 
the DM lifetime [55] . 

Furthermore, one should look for some unusual signals in old neutron stars and white dwarfs. 
In particular, the DM particles accumulated in the core of a nentron star in the course of its 
long-term travel through the Galaxy might form a tiny black hole that could eventually devour 
the home star, causing a very unusual explosion [56]. The influence of DM particles collected in 
the Sun on the solar temperature variation could also be probed by helioseismology [2] . Merging 
galaxy clusters such as the Bullet Cluster can provide a powerful testing ground for galactic DM 
observation m- There are also proposals to consider a possibility of galactic DM interactions 
with cosmic rays and different kinds of interstellar matter [58]. In the case of multicomponent 
galactic DM sector with at least two DM species with different masses one can use the DM-to-DM 
decays as a new complementary tool for investigation of the DM properties [59]. 

The potential of microwave background lensing to probe the DM distribution in galaxy group 
and galaxy cluster halos was demonstrated in [60]. Evidence was presented of the gravitational 
lensing of the cosmic microwave background by 10^^ solar mass DM halos. The mean lensing 
signal is consistent with simulated DM halo profiles. 

From the cosmological point of view one can put the following few constraints on DM. DM 
must have the correct cosmological energy density, it must be massive so that it can act as 
pressureless matter. DM particles should not interact so strongly as to either disturb the well- 
understood CMB or to fail to collapse sufficiently to explain the observed large-scale structure 
of the Universe [23]. 

In order to convincingly establish the nature of a DM candidate, one must reach consistency 
between all possible DM searches for the common DM candidate parameters of mass, spin, and 
coupling strengths m- 

3. Main features of the direct DM detection 

The direct DM detection has a bit exceptional status among the other DM search techniques 
discussed above. The reasons could be a rather old history of this approach, existence of the 
DAMA evidence (see below), and a possibility of supporting us with the clearer and most decisive 
information on the DM problem |61j . 

One should absolutely agree with the authors of [2], that ”... the goal is to detect the 
particles that constitute the massive halo of dark matter that surrounds the Milky Way, as they 
pass through our detectors ...” Another argument is [6] that ”... until dark matter particles are 
detected in the laboratory, it is also healthy to remember that there are hints that the dark sector 
might be more complicated ...” Perhaps unconsciously, the decisive role of the laboratory direct 
DM detection experiments was stressed here. 

Due to elastic WIMP-nucleus scattering the nuclear recoil energy is the main quantity to be 
measured by a terrestrial detector in direct DM detection laboratory experiments |62) . Detection 
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of very rare events of such WIMP interactions is a quite complicated task because of very weak 
WIMP coupling with ordinary matter. The rates expected, for example, in SUSY models range 
from 10 to 10“^ events per kilogram detector material a day |M1 EH E3 E3 EZ]- Moreover, for 
WIMP masses between a few GeV/and 1 TeV /(? the energy deposited by the recoil nucleus 
is much less than 100 keV. 

Therefore, in order to be able to detect a WIMP, an experiment should have an ’’ideal” 
detector with 1) a large target mass of an isotope (preferably with a high mass number A), 2) 
a low energy threshold (several keV), 3) an ultra-low radioactive background, 4) a possibility 
of distinguishing the signal (nuclear recoils) from the background (electronic recoils), and 5) 
in order to reduce the cosmic-ray induced background, this detector has to be installed in a 
deep-underground laboratory, where the overburden almost completely eliminates the hadronic 
component of the cosmic rays and reduces the muon flux by 5-7 orders of magnitude |68j . 
Additionally one should have a possibility of running the setup for several years. 

All these complications, especially the non-zero energy threshold, the need for a large target 
mass and rather long exposure time, are sometimes considered as a kind of limitations in the 
sensitivity of the direct search experiments [23]. 

According to [68] |69| two-phase time projection chambers (TPCs) filled with liquid (and 
gaseous) xenon (LXe) are considered today as the most sensitive technique for direct WIMP 
search in an underground experiment. This statement relies on a (very) large homogeneous 
target of a very low background and a possibility of localizing the interaction vertex. The latter 
allows fiducial volume control and rejection of multiple-scatterring events. The background 
events in the setup are further rejected by the simultaneous measurement of the scintillation 
and ionization signals (Fig. [^. 
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Figure 2. A dual phase time projection chamber measures scintillation light (SI) 
and the ionization charge signal, which is converted to a proportional scintillation signal 
(S2) in the xenon gas phase (GXe). The time distance between the two signals and the 
pattern on the top PMT array is used to reconstruct the event vertex. The ratio S2/S1 
is different for nuclear and electronic recoils and used for background discrimination 
From [55] . 


Perhaps, one of the best examples of such a technique today is the XENONIOO experiment, 
which constitutes (with 161 kg of ultra pure LXe) the second phase of the XENON program 
m for the direct DM detection. After 224.6 live days of running no indication for an excess 
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of events above the expected background has been observed with the XENONIOO, leading to 
strong upper limits for relevant WIMP-nucleon scattering cross sections [niE2]. 

In the nearest future the LUX experiment is expected to reach its design goals [73 El]. 
The other dual-phase LXe experiment is the Chinese experiment PandaX [751 ESI with a flat 
pancake-shaped target of 120 kg LXe (25 kg fiducial mass). At the famous LNGS underground 
laboratory, the XENON collaboration constructs a new XENONIT setup [771 EE] with a target 
mass of 2.2 t, which will be the hrst TPC for the WIMP search with a mass of about 1 t. 
The goal of XENONIT is to perform a background-free DM search run with an exposure of 
2 tonne x years. The expected sensitivity is at a level of 2 x 10“^^ cm^ at a WIMP mass of 
50 GeV/c^. One believes that all sub-systems of XENONIT can be re-used in a later upgrade 
phase of the experiment, XENONnT, with about 71 of LXe [68]. These projects will signihcantly 
improve the sensitivity to WIMP-nucleon interactions by 1-2 orders of magnitude compared to 
the present status [69] . 

There are many other running direct DM search experiments [ZHllHolEaEIllHaiMllHaiHsl 
ED ESI EZl ESI Eni [90l El] . The results of these experiments are given in the figures of section]^ in 
connection with the collider DM search results of the ATLAS collaboration. The experimental 
status of the direct DM experiments is comprehensively discussed in m ED ED ESI ESI E3]- 


3.1. Current situation — fight for the best exclusion curve. The nuclear recoil energy 
Eji produced by a DM WIMP with mass my’ is measured by a DM detector. The differential 
event rate (the spectrum) has the form 


( 1 ) 


S{t) = 
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The nuclear recoil energy Er = (f'I{2 Ma) is typically about \{)~^my, Na is the number density 
of target nuclei with mass Ma, Umax = Vesc ~ 600 km/s, and Umin = {MAE^/2fi\) is the 
minimal WIMP velocity which still can produce the recoil energy Ej^. The WIMP-nucleus 
differential elastic scattering cross section for spin-non-zero (J ^ 0) nuclei contains the coherent 
(spin-independent, or SI) and axial (spin-dependent, or SD) terms 
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The normalized nuclear form-factors Egj 5 gj(g^) are expressed in terms of the nuclear structure 
functions given in [93l E3 • For q = Q the nuclear SD and SI cross sections can be represented as 
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tive WIMP-quark scalar Cq and axial-vector Ag couplings (A^ • xiplbX ' + Cg • XX ' QQ) 
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and on the spin and the scalar 


structure of the nucleons enter via the 
zero-momentum-transfer WIMP-proton and WIMP-neutron SI and SD cross sections 
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The factors which parameterize the quark spin content of the nucleon, are defined as 

2 a(”’P)s^ = {p, s\'iljq^f^'y5'il>q\p, s) The quantity = {A\ s^(„)|-4) is the total spin 

of protons (neutrons) averaged over all A nucleons of the nucleus {A^Z). For the direct DM 
detection isotopes either (S^) or (S^) dominates: (®p(n)) [Ml[971 [9^. The differential 

event rate 0 can be rewritten in the form mm 
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The dimensionless integral /(-Er) accumulates properties of the DM velocity distribution 
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Here one assumes the Maxwell-Boltzmann DM velocity distribution in the rest frame of the 
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Galaxy, p denotes the dimensionless Earth’s speed with respect to the halo, and ^ 


[TnniiM]. The error function is erf(x) = [ 

V'^ Jo 


die . The velocity variable is the dispersion 

V ~ 270km/c. The mean velocity (v) = -y/§h. Integrating the differential rate (1) from the 
recoil energy threshold e to some maximal energy e, one obtains the total detection rate i?(e, e) 
as a sum of the SD and SI terms 

i?(e,e) = i?si(e,e) +-RsD(e,e) = / (i-ERKsi(£'R, m^) usi-h / d£'RKgR(£'R, m^) usd- 


To accurately estimate the event rate -R(e, e), one needs to know a number of quite uncertain 
astrophysical and nuclear structure parameters as well as very specific characteristics of the 
experimental setup [21] (see also [lOlj i. 

Finally, to estimate the expected direct DM detection rates — via formulas 0 or 0 — one 
should calculate the WIMP-proton and WIMP-neutron spin Ug^ and scalar Ugj” cross sections 
at g = 0. To this end a SUSY-like model or some measured data (for example, from the 
DAMA/LIBRA experiment) can be used. It is these calculations that are nsually compared 
with experimental results, which are presented in the form of exclusion curves — upper limits 
of the cross sections as functions of the WIMP mass. 

Figures and from m illustrate the typical situation in the field of direct DM search 
experiments. They contain a lot of exclnsion curves that demonstrate the recent achievements 
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Figure 3. A compilation of WIMP-nucleon spin-independent cross section limits (solid 
curves), hints for WIMP signals (shaded closed contours) and projections (dot and dot- 
dashed curves) for direct detection experiments that are expected to operate over the 
next decade. Also shown is an approximate band where coherent scattering of ®B solar 
neutrinos, atmospheric neutrinos and diffuse supernova neutrinos with nuclei will begin 
to limit the sensitivity of direct detection experiments to WIMPs. Finally, a suite of 
theoretical model predictions is indicated by the shaded regions, with model references 
included. From m- 


and expected improvements in sensitivity for both cigj and WIMP-nucleon cross sections 
together with a range of theoretical benchmarks m- 

In the case of non-observation of a DM signal the exclusion curve simply reflects the sensitivity 
of a given direct DM search experiment and potentially allows one to constrain some version of 
the SUSY-like model, provided the curve is sensitive enough. Therefore the best exclusion curve 
is currently the only aim of almost all direct DM search experiments (DAMA/LIBRA is a clear 
exception). The main competition between these experiments takes place right in the field of 
the exclusion curves. 

It is important to note that without proper knowledge of the nuclear and nucleon structure 
it is not possible to extract reliable and useful information from direct DM search experiments 
(at least in the form of the Ug^ and cigj cross sections). However, astrophysical uncertainties. 
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Figure 4. A compilation of WIMP-nucleon spin-dependent cross section limits (solid 
curves) and projections (dot and dot-dashed curves) for direct detection experiments 
that are expected to operate over the next decade. From [ST| . 


in particular the DM distribution in the vicinity of the Earth, make it far more difficult to 
interpret the results of the DM search experiments. To have a chance to compare sensitivities of 
different experiments, people adopted a common truncated Maxwellian DM particle distribution 
but nobody can prove its correctness. In the case of undoubted direct DM detection one can 
make some conclusions about the real DM particle distribution in the vicinity of the Earth. 

Furthermore, almost by definition (from the very beginning), a modern experiment aiming 
at the best exclusion curve is doomed to non-observation of the DM signal. This is due to the 
fact that a typical expected DM signal spectrum exponentially drops with recoil energy and it 
is practically impossible to single it out from the background non-WIMP spectrum of a typical 
detector. One needs a clear signature of interactions between WIMP particles and target nuclei. 
Ideally, this signature should be a unique feature of such an interaction |ir)2j . Without these 
signatures one can hardly convince anybody that the final measured spectrum is saturated by 
the DM particles. Furthermore, on the basis of measured recoil spectra, with the help of these 
signatures, one can estimate the WIMP mass. 

Therefore, exclusion curves hardly help to prove an observation of a DM signal. Nevertheless 
an exclusion curve is at least something from nothing observed. It allows a sensitivity comparison 
of different experiments and therefore one can decide who is the best ’’excluder”. Unfortunately, 
the SUSY model paradigm is very flexible, it has a lot of parameters, and one hardly believes 
that an exclusion curve can ever impose any decisive constraint on it. Over many years the 
experimental groups compare obtained exclusion curves with SUSY (MSSM, NMSSM, etc) pre¬ 
dictions. These comparisons permanently show that some extra domains of relevant parameter 
space are excluded. However, this long-term ’’exclusion business” has no practical benefit either 
for SUSY model construction, or planning of a new DM search. The situation is much worse due 
to the famous nuclear and astrophysical uncertainties involved in the evaluation of the exclusion 
curves. This is why it does not look very decisive to use refined data and methods and spend 
big resources fighting only for the best exclusion curve (a new information on the subject can 
be found in |ir)3j b This fighting could only be accepted when one tries to strongly improve the 
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sensitivity of a small DM detector with a view to use many copies of it in a huge detector array 
with a total tonne-scale mass ra¬ 
in fact, all modern very sensitive and very low-background direct DM detectors are aimed at 
the best exclusion curve from the very beginning. They are looking for some event excess above 
a very low background, provided it is well understood. If one is the best in seeing nothing, a 
new best exclusion curve appears. 

Furthermore, if one manages to find some events pretending to be the wanted excess, the 
powerful statistical likelihood technique allows one to quantify existence of this excess (in terms 
of l-3cr) but does not allow one to prove the real detection of the DM interactions. Indeed, if a 
DM particle with mass exists and can interact with ordinary matter with some not-very- 
small cross section then an excess induced by these DM particles should be seen (better 

in a measured recoil spectrum). But the opposite is not correct. Any (or very specifically 
selected) excess (in the recoil spectrum) is not yet a proof of the existence of the DM-particle 
interaction with the detector material. It is not enough. One needs an unambiguous signature 
of the galactic nature of the observed interactions. The annual modulation component in the 
excess events could prove the DM nature of the excess. 

3.2. Positive signatures and recoil spectra. The problem of DM particle detection is also 
very complicated due to a lack of any reliable indication where one should look for a signal of the 
DM interactions — the DM masses and DM-SM couplings are (in general) unknown. Therefore, 
to certainly detect a DM particle one has to unambiguously register some ’’positive signature” of 
the DM interaction with a target material. This positive signature must be very specific (ideally 
unique) only for the true DM interaction, and reliable experimental observation of the signature 
will serve as unambiguous proof of the DM detection. 

There are some typical characteristics of WIMP DM particle interactions with a nuclear 
target which can potentially play the role of these positive DM signatures |104j . First of all, 
WIMPs produce nuclear recoils, whereas most radioactive backgrounds produce electron recoils. 
Nevertheless, for example, neutrons (and any other heavy neutral particle) can also produce 
nuclear recoils. 

Due to the extremely rare event rate of the WIMP-nucleus interactions (the mean free path of a 
WIMP in matter is of the order of a light year), one can expect two features. One is the negligible 
probability of two consecutive interactions in a single detector or two closely located detectors. 
Multiple interactions of photons, 7 -rays or neutrons under the same conditions are much more 
common. Therefore only non-multiple interaction events can be from the DM WIMPs. The 
other feature is a uniform distribution of the WIMP-induced events throughout a detector. This 
feature can be used to identify background events (from photons, neutrons, beta and alpha 
particles) in rather large-volume position-sensitive detectors. 

The shape of the DM WIMP-induced recoil energy spectrum can be predicted rather accu¬ 
rately (for given WIMP mass, fixed nuclear structure functions, and astrophysical parameters). 
The observed energy-recoil spectrum, claiming to be from DM particles, must be consistent with 
the expectation. However, this shape is exponential, right as it is for many background sources. 
Unfortunately, the nuclear-recoil feature, the non-multiple interaction, the uniform event dis¬ 
tribution throughout a detector, and the shape of the recoil energy spectrum could not be the 
clear “positive signature” of the DM interactions. 
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The currently most promising, technically feasible and already used (by the DAMA collabo¬ 
ration) “positive signature” is the annual modulation signature |100(l64[lin5| . The DM flux and 
its average kinetic energy vary annually due to the combined motion of the Earth and the Sun 
relative to the Galactic center. The impact DM energy increases (decreases) when the Earth 
velocity is added to (subtracted from) the velocity of the Sun (see Fig. [^. The recoil spectrum 



Figure 5. Detection of DM particles via elastic scattering from target nuclei in a de¬ 
tector located deep underground. Due to the expected annual modulation signature of 
the recoil measured event rate the Sun-Earth system is a particularly proper setup for 
successful direct DM detection |104| . 

produced from the DM-nucleus scattering in a target detector is therefore expected to show this 
annual modulation effect [rum ITUS] . 

The velocity of the Earth relative to the Galaxy is VEit) = vs + vq cosj cosuj{t — to), where 
vs is the Sun’s velocity relative to the Galaxy, vq is the Earth’s orbital velocity around the Sun 
and 7 is the angle of inclination of the plane of the Earth’s orbit relative to the galactic plane. 
One has u = 2'KjT (T = 1 year) and the maximum velocity occurs at day to = 155.2 (June 
2). The change in the Earth’s velocity relative to the incident DM particles leads to a yearly 
modulation of the scattering event rate Q in the form 

S { t ) = 5o -I- SmCOSOj{t - to ), 

where So is the constant part and Sm is the amplitude of the modulated signal. Both of them 
depend on the target nucleus {A, Z), DM particle mass and density velocity distribution 

of the DM particles in the solar vicinity f{v), and cross sections of the DM-nucleus scattering 
(see, for example, [63l lUTl [1061 [66] and a new recent paper [107] i. 

In general, the expected modulation amplitude is rather small (about 7%) [951110811^ and to 
observe it, one needs huge (at best tonne-scale) detectors which can continuously operate during 
5-7 years (to have a chance to observe the annual modulation effect). Of course, to reliably use 
this signature one should prove the absence of annually modulated backgrounds. This question 
is crucially investigated by the DAM A/LIBRA collaboration [10811^ . 
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Unfortunately, mainly due to not-yet-enough target mass and short running time, the above- 
mentioned promising LXe based experiments seems to be unable to see a positive annual mod¬ 
ulation signature of the DM interactions. Furthermore, to the best of our knowledge, they not 
ever aimed at fulfilling the goal. 

Another potentially promising positive DM signature is connected with a possibility of reg¬ 
istering the direction of the recoil nuclei induced by a DM particle. One plans to measure 
the correlation of the event rate with the Sun’s motion. Unfortunately, the task is extremely 
complicated (see for example, [iMKnnKiii]). 

The third potentially useful positive WIMP DM signature is related with the coherence of the 
WIMP-nucleus spin-independent interaction. Due to a rather low momentum transfer, a WIMP 
coherently scatters by the whole target nucleus and the elastic cross section of this interaction 
should be proportional to A^, where A is the atomic number of the target nucleus. Contrary 
to the A^ behavior, the cross section of neutron scattering by nuclei (due to the strong nature 
of this interaction) is proportional to the geometrical cross-section of the target nucleus (A^/^ 
dependence). To reliably use this A^ signature, one has to satisfy at least two conditions. First, 
one should be sure that the spin-independent WIMP-nucleus interaction really dominates over 
the relevant spin-dependent interaction. This is far from being obvious |112l 19911113j . Second, 
one should rather accurately measure the recoil spectra (in the worst case integrated event rates) 
under the same background conditions, at least for two targets with a different atomic number 
A. Currently, this goal looks far from being achievable. 

At the level of our knowledge the DM problem could not be solved independently from the 
set of other related problems, such as proof of SUSY, astrophysical dark matter properties, etc. 
Furthermore, due to the huge complexity of the DM search (technical, physical, astrophysical, 
necessity for positive signatures, etc), one should, perhaps, deal with the DM problem boldly 
using a reliable model-dependent framework — for example the framework of SUSY, where the 
same LSP neutralino should be seen coherently (or lead to coherent effects) in all available 
experimental observables (direct and indirect DM searches, rare decays, high-energy searches at 
LHC, astrophysics, etc). A success of the SUSY framework will be a proof of the SUSY existence 
and simultaneous solution of the DM problem. In some sense, this SUSY framework can serve 
as a specific and very decisive and positive DM signature. 

Ideally, in order to be convincing, an eventual DM signal should combine more than one of 
these positive DM signatures urn]. 

A physical reason (if one forgets about the above-mentioned competition of experiments) to 
improve the exclusion curve is usually an attempt to constrain a SUSY-like model. Unfortu¬ 
nately, this is almost hopeless due to the huge flexibility of these models and uncertainties from 
the nuclear structure and astrophysics. At the present level of experimental accuracy, simple 
fighting for the best exclusion curve is almost useless either for real DM detection or for sub¬ 
stantial restriction of the models. One should go beyond the exclusion curve and try to obtain 
a reliable recoil energy spectrum. Very accurate off-line investigation of the measured spectrum 
allows one to single out different non-WIMP background sources and to perform controllable 
background subtractions. The spectrum allows one to look for the annual modulation effect, 
the only currently available positive signature of DM particle interactions with terrestrial nuclei. 
The effect is not simply a possibility of background rejection (among many others as claimed. 
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for example, in [3j), it is a unique signature which demonstrates the galactic nature of the 
DM interaction with matter. This is inevitable for the laboratory proof of the DM population 
around the Earth jll4| . 

Finally, the future requirements for 100-t scale direct DM detector, will meet a severe restric¬ 
tion — further sensitivity is strongly limited by an irreducible neutrino background (Fig. |^, 
mainly from supernovae, the Sun and neutrinos from cosmic rays [21 ms]. In this situation 
it is clear that to have progress in the DM detection a positive DM signature — the annual 
modulation — it is inevitable to fight against the irreducible z?-background. 

3.3. The DAMA/LIBRA evidence. Till now only the DAMA (DArk MAtter) collaboration 
has certainly given the evidence (at 9.3(T CL) for the presence of DM particles in the halo 
of our Galaxy. The DAMA/LIBRA setups have in use a highly radio-pure Nal(Tl) target 
during 14 annual cycles (corresponding to cumulative exposure of 1.33 tonnexyears) at the 
deep underground Gran Sasso National Laboratory [95l 11081 |2T1 1116j . The evidence is based 
on model-independent registration of changes in the flux of DM particles hitting the DAMA 
setup — the predicted annual modulation of specific shape and amplitude due to the combined 
motions of the Earth and the Sun through the Galaxy m- 

The DAMA/LIBRA measured modulation amplitude of the single-hit events is (0.0112 ± 
0.0012) counts/day/kg/keV. The measured phase is (144 ± 7) days and the measured period 
is (0.998 ± 0.002) yr (Fig. [^. These values are well in agreement with those expected for 
true DM particles. This intriguing evidence of the DM detection is still very debated, simply 
because of its severe conflict with numerous null-results of almost all other direct DM search 
experiments [68]. People widely discussed many other possible annual phenomena, such as, for 
example, neutrons leached from the rocks surrounding the underground experiment in response 
to seasonal temperature variations. Nevertheless, after many years of dedicated investigations 
of the DAMA collaboration no systematics or side reactions able to mimic the signature (that 
is, able to account for the measured modulation amplitude and simultaneously satisfy all the 
requirements of the signature) has been found or suggested jllTl I116| . 

For completeness one should point out that indications on the similar annual cycles, consistent 
in phase with DAMA observations, were also seen (with much low statistical significance) by 
the GoGeNT (Goherent Germanium Neutrino Technology) [1181 I119j . GRESST-II [79], and 
GDMS-Si [HI] DM-search experiments [69] . 

Despite the strong and reliable belief of the DAMA collaboration in the observation of the 
annual modulation signature, it is obvious that such a serious claim should be verified by at 
least another one completely independent experiment. If one wants to confirm (more important, 
if one wants to reject) the DAMA result, one should perform a new experiment which would 
have the same or better sensitivity to the annual modulation signature. Furthermore, it would 
be reasonable to locate a new setup in another low-background underground laboratory, and 
perhaps, in the Southern Hemisphere, where this new DM-modulation experiment would gauge 
the extent of the Earth’s seasonal effects, which would be out of phase relative to ones in the 
Northern Hemisphere [2]. 

Finally, one can believe or cannot believe in the DAMA/LIBRA DM evidence, but to have a 
final scientific decision on the subject, one should prove experimentally the non-existence of the 
annual modulation effect observed by the DAMA/LIBRA collaboration at the 9cr level. To this 
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Figure 6 . Experimental residual rate of the single-hit scintillation events measured by 
DAMA/LIBRA-phasel in the (2-4), (2-5) and (2-6) keV energy intervals as a function 
of the time. The data points present the experimental errors as vertical bars and the 
associated time bin width as horizontal bars. The superimposed curves are A cos a;(t — to) 
with a period T = 27r/w = lyr, a phase to = 152.5 day (June 2nd) and modulation 
amplitudes, A, equal to the central values obtained by best fit on the data points of the 
entire DAMA/LIBRA-phasel. The dashed vertical lines correspond to the maximum 
expected for the DM signal (June 2nd), while the dotted vertical lines correspond to the 
minimum. From EH. 

end one should first be able to ever see the effect in principle, to prove the proper sensitivity of 
a used or proposed setup. 

4. How CAN ONE ESTIMATE THE PROSPECTS FOR THE DM DETECTION? 

Before designing a future DM detector one reasonably wants to have a feeling concerning 
how many events one could register during meaningful time of measurements with this detector 
(the expected event rate, section]^. A source of this information can be one of many recently 
appeared DM-models (section]^, or available experimental and astrophysical data. In the latter 
case one again should have a model that could simultaneously describe all the data and could 
give predictions for the DM rate via a unique set of parameters (as a SUSY-model can do). 

Rather thorough investigations of prospects for direct DM detection have been carried out on 
the border of millennia on the basis of different versions of SUSY extension of the SM (MSSM, 
mSUGRA, NMSSM, etc). The main reason was the LSP — stable, neutral, massive, weakly- 
interacting particle — an excellent (by-product) DM candidate in SUSY models with R-parity 
conservation. There are several main possibilities for the LSP in the MSSM — neutralino, 
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gravitino, sneutrino, etc. The neutralino LSP was a particularly well-studied case (see, for 
example, 

The modern SUSY framework is very appropriate for the goal. It allows one to describe 
simultaneously (with one set of SUSY parameters) all available experimental observables from 
very low up to very high energies. Therefore expected direct DM detection rates can be rather 
easily connected with probabilities of rare processes, results of high-energy measurements (LEP, 
FNAL), cosmological observations and restrictions on relic DM abundance (density). 

For example, one can investigate the MSSM parameter space taking into account available 
accelerator, non-accelerator and cosmological constraints on the SUSY particle spectrum (upper 
bounds on their masses). On this basis one can obtain a reliable prediction for the expected 
SUSY DM detection rate in any high-accuracy DM detector (such as one with LXe). Non¬ 
observation of the relevant DM candidates allows one to exclude some domains of the MSSM 
parameter space and make, for instance, predictions for charged Higgs boson search with a 
collider m- Furthermore, in this approach the MSSM Higgs bosons produced in the LSP- 
neutralino self-annihilation in the Earth and the Sun could severely contribute to the total 
indirect DM detection rate. This contribution results in some lower bound for the muon flux 
from the Sun and one can expect an energetic r-neutrino flux from the Sun at a level of 10^ 
m“^ yr“^ due to these charged Higgs bosons [122] . 

Nevertheless, at that time the high-energy colliders and accelerators were not yet considered 
(perhaps, due to relatively low energy, etc) as useful tools for ’’direct” collider DM search. 

The unique LHC energy and the SUSY paradigm have opened new possibilities for connection 
of LHC experiments with the other DM searches. One can use available results from one kind of 
these experiments for goal-pointing for another one by means of some important hints on where 
one should search for a signal. 

An example can be found in |123j where prospects for observation of a SUSY-like signal from 
two gluinos , were investigated within a certain region of the mSUGRA parameter space. In the 
region the lightest neutralinos Xj* are DM particles with ~ 60 GeV/and naturally explain 
the excess of diffuse galactic y-rays observed by the EGRET space apparatus. Additionally the 
cross-section of the two gluino production in pp-collisions at the LHC (14 TeV) was estimated 
at a level of 5-10 pb. Rather high transverse missing energy carried away by the two Xi is the 
essential signature of these events that allows significant background reduction. Furthermore, 
distributions of the invariant masses of two opposite charged lepton pairs produced by the 
X 2 three-body decays have kinematic endpoints which measure the difference between 

the masses of X 2 Xi- These signatures still demonstrate good prospects for discovery of the 
gluinos at the LHC. 

The same SUSY-based interplay between the direct DM search and the LHC search for DM 
was considered earlier, for example in |124j and in |125j . In the latter paper, under an assumption 
that R-Parity conserving SUSY is already discovered at the LHC, a question of the LSP to 
be a real DM particle was addressed. In particular, the consistency of the observed SUSY 
realization (mSUGRA as an example) with astrophysical and non-accelerator constraints was 
studied and requirements for statistical and systematic accuracy of LHC measurements were 
formulated quantitatively. A discussion was given in |126] how one can constrain the underlying 
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SUSY model and hence extract information about the nature of DM particles on the basis of 
techniques used to reconstruct decays of SUSY particles assumed to be observed at the LHC. 

Recently a question of DM complementarity was studied in the 19-parameter phenomeno¬ 
logical Minimal Supersymmetric Standard Model (pMSSM) including all available experimental 
constraints |127j . The ability to investigate the neutralino DM properties by the direct DM ex¬ 
periments XENONIT and LUX-ZEPLIN, by indirect DM searches with Fermi-LAT, CTA and 
IceCube, as well as by the LHC studies were examined. In particular, it was shown that expected 
LHC constraints on the pMSSM models are directly sensitive to many other sparticles beyond 
the LSP. Other sensitive tests of the pMSSM models are spin-independent direct detection with 
LUX-ZEPLIN and indirect detection through CTA. It was found that all discussed DM search 
techniques work well together within the MSSM and on this basis form a comprehensive program 
to determine DM properties |128j . 

Another investigation of the prospects of indirect and direct DM searches within the MSSM 
approach with 9 parameters (MSSM-9) was reported in [129] . A Monte Carlo scan of the 
parameter space was performed with allowance for all available particle physics constraints 
including the Higgs mass of 126 GeV/c^. Two regions for DM were found with a TeV mass LSP 
neutralino. Prospects for future indirect (with the CTA) and direct (with XENON-IT) searches 
of these LSP were discussed and some search strategies were proposed |I29j . Phenomenological 
study of the CMSSM (mSUGRA) with non-thermal neutralino DM candidate was carried out 
in [ng. 

Gontrary to the MSSM in a GUT-defined SUSY model their parameters are no longer in¬ 
dependent. The LHG prospects to probe a broad class of GUT-inspired SUSY models were 
studied in [I3Ij with all available experimental constraints including the bounds from the muon 
g-2 anomaly, the DM relic density and the Higgs mass measurement. 

Some version of the pMSSM was also used in |I32j for explanation of an excess in y-rays 
from the center of our Galaxy due to DM annihilation. The LSP neutralinos with mass about 
90 GeV/c^ provide a reasonable description of the excess, have correct relic density and are 
consistent with the other astroparticle and collider experiments. If the pMSSM explanation of 
the excess seen by Fermi-LAT is correct, a DM signal might be discovered soon — claimed the 
authors of |I32| . 

Prospects of the detection of a GeV-scale neutralino as DM in the Next-to-Minimal Super- 
symmetric Standard Model (NMSSM) at the 14 TeV LHG were studied in |I33j by means 
of dedicated scans of the relevant parameter space including all available constraints. It was 
demonstrated in |I34j that with a neutralino as DM candidate, the gamma-ray excess observed 
in the Fermi-LAT data cannot be accommodated in the MSSM. To reach the goal one needs the 
NMSSM with an extra singlet superfield and specific collider phenomenology. 

There are some other investigations of DM detection prospects within SUSY-like models. For 
example, one believes |I35j that in some SUSY models a right-handed sneutrino can be LSP 
and can play the role of a good DM candidate |I36( II37| II38j . Being a scalar particle this 
LSP will have the LHC signatures quite distinct from those one expects for the LSP-neutralino. 
Constraints on the sneutrino-LSP scenario were studied on the basis of general results of SUSY 
searches at RUN I of the LHC and most promising sneutrino signatures were proposed for 
further searches at RUN H. Phenomenological constraints on a light GeV-scale sneutrino as a 
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DM particle were also investigated in |139] . How to find a ’’natural” supersymmetry via the 
interplay between the LHC and direct DM detection was discussed in [IdOj . 

Therefore, the ’’indirect” constraints on DM properties from collider physics were studied and 
used during many years. One of recent examples can be found also in |141j . where constraints on 
DM from the first CMS and ATLAS supersymmetry searches are investigated. It was shown that 
within the minimal supergravity model (mSUGRA), the early search for SUSY (superpartners) 
at the LHC excluded a remarkable portion of the parameter space available for DM direct 
detection experiments. In particular, the prospects for detecting the SUSY DM (being the 
neutralino LSP) in the XENON and CDMS experiments are significantly affected in the low LSP 
mass region. In the case of non-universal soft breaking the regions excluded by minimal SUGRA, 
are not excluded at all. The authors allow an optimistic conclusion that an observation of DM 
(by direct detection) in the LHC excluded regions of mSUGRA might indicate non-universalities 
in soft breaking SUSY. Another important example of modern LHG influence on prospects of 
DM direct and indirect detection within SUSY can be found in a recent paper of Pran Nath 
m- This is a canonical way of collider data usage for direct/indirect DM search studies. 

These few examples show that a properly developed model, especially the one like super- 
symmetric MSSM, mSUGRA, or NMSSM, can accurately unify information from all available 
energy scales and experiments and produce constraints or predictions for each of the DM search 
approaches listed in section Therefore it is very reasonable to have in mind the SUSY-like 
background under the complementarily (or interplay) of all above-mentioned DM search oppor¬ 
tunities. 


5. First ’’direct” DM search with Tevatron 

Due to exciting results of the Tevatron and big expectations with the LHC, about 5 yeas ago 
a ’’direct” approach to the DM problem at colliders was proposed |143j and rapidly accepted 
by the collider community |144l 11451 11461 11471 1148] . The main goal was to relate the pair 
production rate of DM candidates at colliders to the annihilation and scattering rates at direct 
and indirect DM experiments. It was believed that on this way (see, for example, mm) as 
few assumptions as possible should be made about unknown underlying new physics. 

A true DM particle (section is electrically neutral, massive enough, weakly interacting 
(WIMP), and stable. Therefore, the WIMP feature of the DM particle defines the very strategy 
of ’’direct” DM search with a collider. WIMPs, once produced, like neutrinos do not interact 
either electromagnetically or strongly with ordinary matter and pass numerous detectors layers 
without a trace. Their signature is invisibility. However the experiments ATLAS and CMS 
were designed to see this invisibility by means of an accurate measurement of energy deposited 
in the detectors by all other ’’visible” products of a hard LHC pp-collision. Hence, exploiting 
this hermeticity, one can judge the WIMP presence from the disbalance of the measured en¬ 
ergy/momentum. Since the longitudinal momenta of the colliding partons are unknown, only the 
transverse missing energy, E™'®®, can be reliably used to search for the WIMP traces. In other 
words, hunting for WIMPs one should look for events with remarkable momentum imbalance, 
which is transverse to the initial proton beam line |149j . 

The collider searches for DM have their own advantages and disadvantages [1501123]. Obvi¬ 
ously, a collider search for WIMP does not suffer from astrophysical uncertainties. The search 
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does not care about the existence of the Milky Way at all. Due to the famous low-recoil problem 
(small energy deposition) sensitivity of direct and indirect detection techniques almost vanishes 
with reduction of the WIMP mass. In contrast, colliders are able to copiously produce the light 
WIMPs (if production cross section is not very small), and one has no problem with sensitivity 
up to very low-mass WIMPs (if one finds a way to snppress neutrino background in this case). 
However, collider searches suffer from parton distribution fnnction suppression for high WIMP 
masses (above hundreds of GeV), where the other two search techniqnes are more robust. 

Already at this stage a very important precantion [1501 [23] says that a great disadvantage 
of any collider DM search is absence of any possibility of proving whether the observed 
signal is actually caused by the true DM particle or produced by a particle that is stable only 
on collider timescales, but not cosmological ones. The other techniques deal with the true DM 
particles produced long ago. Unfortunately this precaution almost always is forgotten or ignored 
(see discussion in section]^. 

It looks like that the first quantitative discnssions of a ’’direct” collider search for DM were 
based on the first mono-jet (-|- large results of the CDF at the Tevatron and were given 

in m and in These papers are rather remarkable. First, they have started to use 

the Effective Field Theory (EFT) approach in the subject, and next, from the very beginning 
many very serious assumptions have been used without any (or reasonable) proof. 

Everybody will agree that true DM particles might be created at a collider. The very idea 
that direct DM detection requires an interaction of DM particles with ordinary matter (nncleons, 
nnclei, etc) is correct. But the point following intuitively from Fig. that the same interaction 
can lead to the DM particle pair production at a hadron collider |144j far to be obvious. It needs 
to be well justified. Furthermore, in general it is wrong within such a complete theoretical model 
as SUSY. For example, in a R-conserved SUSY model the DM WIMPs are LSPs and usually 
constitute final products of cascade decays of heavier unstable SUSY-particles accompanied by 
SM particles, in particular, with high transverse momentum p-p. Nevertheless as soon as one 
assumes that the same couplings lead to direct DM particle production at hadronic colliders 
such as the Tevatron, one can investigate the interplay between the two DM searches (within 
the EFT). One should also bear in mind that althongh the basic processes that work in direct 
detection and in collider production of DM occur through s- and t-channel exchange of the same 
mediator, the regimes probed in the two types of the experiments are very different |144j . 

Due to the assumed DM nature (electric neutrality and stability), these WIMPs will leave any 
detector tracelessly, otherwise they could be detected (by ionization, interaction, or decay) and 
do not have a chance to serve as DM. Therefore signature of such escaping particles is (large) 
missing energy and momentum. More strictly, the latter is missing vector transverse momentum, 
Pp'®®, the magnitude of which is called U™®® |151| . Unfortunately, only large transverse missing 
energy E™’®® could be measured. To catch the signature one should search for visible particles 
recoiling against the WIMPs and triggering a relevant DAQ system. 

This signature can be used to set constraints on the WIMP couplings to the constitnents of 
nnclei, which in turn can be translated to constraints on direct detection cross sections [US]. 

The CDF collaboration has performed a search for one-jet events with large missing transverse 
energy (pp j + XX + -^) using 1 fb“^ of data |152j . . Here x denotes the WIMP. These mono¬ 
jet searches at the Tevatron within the above-mentioned assumptions can be connected (via 
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the same effective operators) to the DM direct detection searches and can place limits on the 
expected rates of the latter. 

The analysis performed in jl44| showed for the first time that in many cases the Tevatron 
provided the best limits, particularly for light WIMPs with mass below 5 GeV/c^, and for SD 
WIMP-nucleon interactions. The bounds on the strength of the various effective operators were 
translated into bounds on direct detection rates. This enables one to plot the Tevatron limits 
— exclusion curves — in the planes (as in Figs. and from section ||). The 

relevant hgures can be found in [144j . 

In general these results confirmed the main expectations that collider bounds could be more 
promising when DM direct detection scattering is suppressed, for example, by kinematics due to 
(very) light DM mass, or due to non-coherent WIMP-nucleus SD interactions. Nevertheless, with 
this good result, the authors of [144j have mentioned that an introduction of a light mediator 
significantly weakens the collider bounds. Furthermore, any direct detection discovery that is in 
apparent conflict with obtained mono-jet limits will thus point to a new light state coupling the 
SM to the dark sector |144j . Some suspicions appear after these words concerning usefulness of 
the Tevatron constraints for direct detection experiments. For example, if one plans a new direct 
DM search experiment with ambitious goals, he should take into account the already achieved 
results, especially those, which teach one where is nothing to see. The Tevatron limits excluded 
some regions of DM properties, but, nevertheless, the authors of the results openly allowed a 
direct DM experiment to look for signal in the excluded region. 

Most complete theoretically justified investigations of the collider limits for the DM properties 
were given in |143L I145j . Models, where a WIMP DM candidate x is a fermion or a scalar 
interacting with quarks and/or gluons, were analysed within the EFT. The authors assumed 
that the WIMP is the only new particle in the energy ranges relevant for current experiments. 
(It looks like a very strong assumption, because in almost all reliable BSM theories it is not 
true). Next WIMPs appear in pair only. Under this assumption, the WIMP will couple to 
the SM particles through higher dimensional operators in the EFT, presumably mediated by 
particles of the dark sector which are somewhat heavier than the WIMP itself. The WIMP is 
assumed to be a singlet under the SM gauge groups, and thus possesses no tree-level couplings 
to the electroweak gauge bosons. 

Contrary to only 4 effective operators discussed in |144j a complete list of 24 operators was 
considered in |145) . The operators for Dirac fermions and scalars fall into six categories (Table 
with characteristic E™'®® spectral shapes |153j . For each operator the parameter M* can be 
determined (or constrained) from comparison of (initiated by this operator) WIMP-pair hadro- 
production {pp,pp —>• XX + with relevant measurements. 

This set of high dimensional contact operators dehnes the Effective Field Theory (EFT) 
description of the WIMP-hadron interactions. It is a nonrenormalizable held theory and it 
breaks down at some energy scale represented by the masses of those particles which have been 
integrated out. In the operator dehnitions, M* is the suppression scale of the heavy mediator 
particles that are integrated out. The quantities M* which characterize the interaction strength 
of the interactions are functions of the masses and the coupling strengths of the mediating 
particles to WIMPs and SM helds and can be computed in terms of the fundamental parameters 
for any full-scale theory |145) . 
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Table 1. Operators coupling WIMPs, denoted as Xj to SM particles. The operator 
names beginning with D, C, R apply to WIMPs that are Dirac fermions, complex scalars 
or real scalars respectively. From |145j . 


Name 

Operator 

Name 

Operator 

Name 

Operator 

D1 

mg XXm/Ml 

D9 

Xf^^'^xqcrpuq/M'^ 

C3 

x^df,xqi^q/M^ 

D2 

irriq XX^xm/M^ 

DIO 

i ^(^iiiyP^XqO-a/Sq/M^ 

C4 

x'diiXqi^i^q/M'^ 

D3 

irug XXQI^q/M^ 

Dll 

asXXG^uG^'^I^Ml 

C5 

asx\G^,G^-I^Ml 

D4 

mg xp^xqp^q/M^ 

D12 

xx^xGiJivG^^/^Ml 

C6 

iasxhG^,G^^'^|AM^ 

D5 

xi^xqppqlM^ 

D13 

ias xxG 

R1 

mg x^gg/2M2 

D6 

x'l^'y^xqipq/M^ 

D14 

«sX7^xG;..G^74M3 

R2 

X^qi^q img/2M^ 

D7 

xi^xqxiiP^q/M^ 

Cl 

mg x'xqq/M'^ 

R3 


D8 

xi^i^xqitii^q/M^ 

C2 

img ^xqi^qlM-l 

R4 



The authors focused on the mono-jet event search at the Tevatron, where the WIMPs recoil 
against a single jet (pp —)■ XX + J + with restrictions on any additional SM radiation. These 
mono-jet searches were used to determine the constraints on the coefficients of the effective 
operators as a function of the WIMP mass. Many relevant figures are given in |145) . The bounds 
on the strength of effective-operator interactions of WIMPs with hadrons were translated into 
constraints on the possible contributions to direct detection cross sections for each of those 
operators in the form of numerous exclusion curves (for each operator from Table . In the 
pla-iies (Figs. [7||^ these curves are superimposed with the relevant direct detection 
exclusion curves for comparison (and competition). 



Figure 7. Experimental limits on spin-independent WIMP direct detection from sev¬ 
eral direct DM search experiments |154[ 11551115611157111581115911160j in comparison with 
the Tevatron exclusion curves (for the operator Dll — solid magenta line) and LHC 
discovery reaches (dashed lines) for relevant operators. Figure from |145j . 

As authors [145j noted, in all cases colliders can probe regions of very light WIMP masses 
more effectively than direct detection experiments. Furthermore, it was shown that for many 
considered operators the direct detection rates are expected to be very small because of the 
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Figure 8 . Experimental limits on spin-dependent WIMP direct detection from several 
direct DM search experiments fTHTi nm [m [US] in comparison with the Tevatron 
exclusions curves (solid lines) and LHC discovery reaches (dashed lines) for relevant 
operators. Figure from |145j . 

velocity suppression, and colliders become the only way to effectively probe such kind of possible 
WIMP-hadron interactions. The question concerning applicability of these operators for true 
DM interaction still remained unanswered. In the case of a WIMP whose dominant recoil is 
through a SD interaction, collider constraints are already much stronger even than the expected 
reaches of near-future direct detection experiments. 

The important question on validity of the EFT approach was discussed already in [145j . 
Obviously, the validity of EFT itself and what happens above the regime of its validity depends 
on the underlying complete model, and therefore is inevitably model dependent. The specifics of 
a complete model makes collider bounds stronger or weaker. In some sense the fact reincarnates 
the model-dependence in the usage of EFT. To allow the EFT approach, some lower bound for 
any M* should exist depending on a given WIMP mass. These constraints are shown in Figs. 
[7j^ as straight lines for large . 

People believe |164) the EFT approach allows a valuable comparison of complementary results 
on DM detection. If any of the experiments sees a signal, the interpretation in this approach can 
lead to further insights into the nature of DM as well as the underlying physics by a comparison 
of different techniques and observables. 

In general, the EFT approach is considered conservative, but in regimes where the validity 
might be questioned the cross section is mostly underestimated, compared to the full theory, 
which leads to more conservative limits m- Finally, the authors wrote that while effective 
theories may not always capture our favorite parameters of our favorite complete models, they 
do provide a language to describe WIMP-SM interactions which captures a wide class of theories 
in a fairly model-independent fashion m- 

A reader could ask — for what? Being sooner or later detected, the DM particle must be 
implemented into one of our (perhaps, new) ’’favorite complete models” like, for example, SUSY. 
It is not clear how this ’’fairly model-independent fashion” could help. 
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Concluding this section one can first say that the competition (comparison) between direct 
DM and collider DM search experiments has started to run only in the field of exclusion curves. 
Unfortunately this competition helps almost nothing on the way to real DM detection (section 
[^. Next, one can point out that a huge bulk of publications on the subject appeared after the 
famous papers |143L 114411145] . A start of the ’’direct” DM search at the LHC was given, followed 
by many proposals for very exotic DM searches with other accelerators, and not only (section 

0 . 

And finally, speaking about DM search or ever detection with a collider one must not forget 
that a WIMP is not yet a DM particle. As nicely mentioned recently in [2211611 [T3] . the discovery 
of a DM signal at particle colliders only establishes the production of a particle with lifetime 
greater than about 100 ns. The assumption that this particle contributes to DM requires an 
extrapolation in lifetime of 24 orders of magnitude! It is only by corroborating a particle collider 
discovery through another method that one can claim that the collider discovery is relevant for 
cosmology. Colliders cannot say anything about the stability of WIMPs which is the essential 
property of the true DM particle |165j . Therefore only the direct DM detection can play the 
decisive role in the DM problem (section]^. 

6 . ATLAS RESULTS ON THE DM SEARCH AT LHC 

As already discussed in section]^ the missing large transverse energy, S™®®, (caused by the 
escaping GeV-scale-mass WIMPs) is the key signature on which the idea of the LHC search for 
DM particles strongly relies. The events possessing the S™®® can be produced in association 
with ordinary matter (which tag the event) — photons, jets (from quarks or gluons), W-, Z-, 
Higgs-bosons and heavy quarks (6- and top-quark). One assumes these SM particles back-to- 
back recoil against the undetected WIMPs, making the latter ’’visible” due to a large value of 
measured L^™*®®. More generally, these events (with large L^™'®®) constitute a low-background 
sample that provides powerful sensitivity to new physics phenomena [166[ I167j . 

Despite the point that the LHC experiments cannot establish whether a WIMP candidate 
is stable on cosmological time scales and hence is a true DM candidate the terms WIMP and 
DM-particle are used as synonymous |151j in all experimental papers in the section. 

The first ATLAS paper on ’’direct” Search for dark matter candidates and large extra dimen¬ 
sions in events with a photon and missing transverse momentum in pp collision data at ^/s = 7 
TeV with the ATLAS detector was published at the very beginning of 2013 |166j . New phenom¬ 
ena were looked for in events with an energetic photon and large missing transverse momentum 
{pp 7 + A'™®® -|- X) at 7 TeV and integrated luminosity of 4.6 fb“^. The measurements were 
found to be in good agreement with the SM predictions for the background (Fig. [^. The ob¬ 
tained results were converted into model-independent 90% CL upper limits on the visible (new 
physics) cross section a x A x e (cross sectionxacceptancexefficiency) of 5.6 fb. The results 
were further translated into exclusion curves on the pair-production cross section of WIMP can¬ 
didates in pp —)• XX + 7 + V under the assumption that the pair can be traced (optimistically, 
detected) due to energy imbalance with an energetic photon (from initial-state radiation). The 
generic graph in Fig. shows typical production of two WIMPs in a collision of quarks from 
initial protons [165] . 
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Figure 9. Measured distribution in comparison with the relevant SM background 
predictions and some expectations. From 



Figure 10. Production of WIMP candidates tagged by a measurable object from initial- 
state radiation. The final state monojet and/or monophoton together with (large) 
provides a new physics collider signature. From [165] . 


To obtain the limits on WIMP-SM interaction one needs a tool to describe interaction of 
WIMPs with the SM particles. To this end the EFT approach with several operators from 
[US] was used. The WIMPs were assumed to be Dirac fermions with between 1 GeV/c^ 
and 1.3 TeV/c^ and the effective operators D1 (scalar), D5 (vector), D8 (axial-vector), and D9 
(tensor) from Table were used. These operators correspond to spin-independent (D1 and D5) 
and spin-dependent (D8 and D9) interactions. In the case of the D1 (D5) spin-independent 
operator, values of M* below 31 and 5 GeV (585 and 156 GeV) were excluded at 90% CL for 
equal to 1 GeV/c^ and 1.3 TeV/c^, respectively. Values of M* below 585 and 100 GeV 
(794 and 188 GeV) were excluded for the D8 (D9) spin-dependent operator for niy^ equal to 
1 GeV/c^ and 1.3 TeV/c^, respectively. On the basis of the prescription of [145] these results 
were translated into exclusion curves — upper limits for the nucleon-WIMP interaction cross 
section as a function of (Fig. 11). From the figure one can conclude [166] that obtained 
results (under validity of the EFT) gave the best exclusion limits for spin-independent nucleon- 
WIMP interactions in the small-mass region (1 < < 3.5 GeV/c^) and for spin-dependent 
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Figure 11. Upper limits (90% CL) on the nucleon-WIMP cross section as a function 
of WIMP mass for spin-dependent (left) and spin-independent (right) interactions. The 
results are compared with previous mono-jet and mono-photon results at colliders [1511 
116711168j and results from direct detection experiments. From |166j . 


interactions for all masses (1 GeV/c^ < <1 TeV/c^). These results confirmed the general 

expectations (discussed in section]^, and improved previous CDF-based achievements. 

The second ATLAS paper on Search for dark matter eandidates and large extra dimensions 
in events with a jet and missing transverse momentum with the ATLAS detector was published 
in the middle of 2013 |151j . Again, new phenomena were searched in events with a high-energy 
jet and large missing transverse momentum {pp -A- jet -|- -|- X) using data at 7 TeV and an 

integrated luminosity of 4.7 fb“^. 

The main physics results of the search are given in Fig. 


12 


as the measured 


and leading 

jet prp distributions in comparisons with the SM predictions. No excess of events beyond ex¬ 
pectations from SM processes was observed and some limits on the visible cross sections of new 
physics processes were obtained. 

The EFT approach (section]^ was used for comparison of the LHC DM-search results with 
the results of direct and indirect DM searches. According to Tableinteractions of SM particles 
and WIMPs are described by only two parameters, the scale M* and the WIMP particle mass 
m^. From measured distributions (Fig. 12) lower limits on the mass parameters M* of effective 
operators associated with the above-mentioned new processes can be first derived as functions 
of the WIMP mass |164j . To this end, under assumptions of WIMP pair-production and 
absence of any other possible new particles, 5 effective WIMP-SM contact operators from Table[^ 
were considered, and for each of them constraints on M* as functions of m^- were derived and 
presented in Fig. 4 of paper |I51j . 

Next, these bounds on M* (for a given m^) can be converted within EFT into the bounds on 
WIMP-nucleon cross sections, which are probed by direct DM detection experiments (section]^. 
Depending on the type of interaction, contributions to SD- or SI- WIMP-nucleon interactions 
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Figure 12. Measured and leading jet pj, distributions in comparison with the 

relevant SM (background) predictions. From |151) . 


are expected. This translation into bounds on WIMP-nucleon cross sections is shown in Fig. 13 
m- Again, the spin-independent ATLAS-based exclusion curves are particularly relevant in 




Figure 13. ATLAS limits (90% CL) on spin-independent (left) and spin-dependent 
(right) WIMP-nucleon scattering cross sections. More details are in |151] . 

the low rrij^ region (<10 GeV/c^) where the direct DM limits could suffer from a technical 
problem with a very low recoil energy deposition. The bound looks ’’especially powerful” in 
the case of the gluon Dll-operator, it is competitive to direct detection bounds up to of 
20 GeV/c^, provided this gluon operator is relevant for the direct DM search technique. Some 
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of the limits are substantially better than the limits set by direct and indirect DM detection 
experiments, in particular at small WIMP masses < 10 GeV/c^ |151| . 

The EFT approach jl45j also allows one to interpret the obtained collider limits in terms of 
the relic abundance of WIMPs, or WIMP self-annihilation rate, which is defined as the product 
of the annihilation cross section times the relative velocity, averaged over the DM velocity 
distribution. This interpretation was shown in Fig. 7 of |151j . where the limits on vector and 
axial-vector effective operators were translated into upper limits on the WIMP annihilation rate 
to the four light quark flavours. The complementarity between collider and indirect searches for 
DM was demonstrated by the figure m- Nevertheless, it is important to remember |165] this 
complementarity remains valid or makes sense only under a number of important assumptions 
— the EFT must be valid, WIMPs must interact with SM particles exclusively via only one of 
the EFT operators (since a mix of operators with potential interference effects is not considered), 
and the interactions must be flavour-universal for the four light quarks. 

In general, the ATLAS mono-jet results are somewhat better than the ATLAS mono-photon 
one overall due to the higher statistics in the data samples |165| . 


The 3rd ATLAS paper about Search for dark matter in events with a hadronically decaying 
W or Z boson and missing transverse momentum ... was published on 29 January 2014 |169| 
and already used data at 8 TeV and 20.3 fb~^. Events with a hadronic jet with the jet-mass 
consistent with a W- or Z-boson, and with large missing transverse momentum were analyzed. 
For the first time, the goal was to look for the presence for a WIMP pair as DM candidates 
(xx), produced in pp collisions in association with a IT or Z boson {pp WfZ + + X, see 

Fig. 14). As before, one assumed that the undetected xX-P^ir produces large missing transverse 




Figure 14. General graph for pair production of WIMPs (xx) in pp collisions with 
initial-state radiation of a IT boson. The same graphs can be given for initial-state 
radiation of a Z boson. From |169j . 

momentum (F™®® > 150 GeV in |169j L which can be ’’detected” (balanced) by means of a single 
massive jet reconstructed from the hadronic decays IT —)• gg' or Z —)• qq. 

The proposal to use the signature with hadronical decays of IT- or Z-boson is based on 
the results of [ED], where a source of enhancement was found. Usually, due to a large rate 
of gluon/quark initial-state radiation relative to 7 -, IT- or Z-boson radiation, the strongest 
limits mainly come from mono-jet analyses. But the EFT operators used in the mono-jet search 


one can see two ways of the IT-boson radiation — from the initial rt-quark or d-quark. In 
the case of equal coupling, this interference is destructive and gives a small IT-boson emission 
rate. Otherwise, due to constructive interference, the mono-IT-boson production can be strongly 
enhanced HZO! in comparison with other possibilities (moon-jet, mon-photon, etc). 


(Table Q have equal couplings of the x-particles to u-type and d-type quarks. From Fig. 14 
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After sophisticated analysis, the finally obtained results and predicted backgrounds in the 
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mje, [GeV] 

Figure 15. Distribution of mjet in the data and for the background in the signal regions 
(SR) with 350 GeV (top) and 500 GeV (bottom). Also shown are the 

combined mono-lF-boson and mono-Z-boson signal distributions with = 1 GeV/c^ 
and M* = 1 TeV for the D5 destructive and D5 constructive cases. From |169) . 


background SM estimate for each threshold. 

On the basis of this result new limits (as a function of m^) were set on the mass scales M* 
of the Cl (scalar), D1 (scalar), D5 (vector), and D9 (tensor) effective operators from Table 
Figure 16 shows the excluded regions in the M^-m^ plane for these operators. These limits 
were set on the WIMP DM signals using the expected shape of the ’’signal” mjet distribution 
given in Fig. 15 It is remarkable, how much these M*-limits differ from each other for different 



Figure 16. Observed limits on the effective theory mass scale M* as a function of at 
90% CL from combined mono-lT-boson and mono-Z-boson signals for various operators. 
For each operator, the values below the corresponding line are excluded. From |169) . 
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operators. 

In Figure 17 for both the spin-independent (Cl, Dl, D5) and the spin-dependent interaction 
(D9) exclusion curves for the WIMP-nucleon cross sections are given following method of |145j . 
The results are traditionally compared with measurements from direct detection experiments. 
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Figure 17. Limits on X“nucleon cross sections as a function of WIMP mass at 90% 
CL for spin-independent (left) and spin-dependent (right) effective operators, compared 
to some previous limits [TOl 1171111571 |87l Ell 117211173j . From [169j . 


One can conclude from this figure dM! that (as generally expected for a collider DM search) 
the search for WIMP pair production in association with LF/Z-boson extends the limits on the 
WIMP-nucleon cross section in the low mass region < 10 GeV/c^. Next, the comparison 
of these new limits with the limits set by ATLAS in the 7 TeV mono-jet analysis demonstrates 
improvement by about 3 orders of magnitude. The reason is the constructive interference (due 
to the opposite sign of ux-type and dy-type couplings), which has led to a very large increase 
in the VF-boson-associated production cross section. For other cases, the limits are similar. 

Assuming a simple model of WIMP production via the Higgs boson, a re-analysis of the 
data [THU] was carried out. The upper limit on the Higgs boson production through WH and 
ZH modes and decay to invisible particles is obtained to be 1.3 pb at 95% CL for niH = 125 
GeV/c^. Figure 18 shows the upper limit of the total cross section oiWH and ZH processes 


with H -A- XX: normalized to the SM next-to-leading order prediction for the WH and ZH 
production cross section (0.8 pb is predicted for mn = 125 GeV/c^ in SM), which is 1.6 at 95% 
CL for niH = 125 GeV/c^. This was the first new experimental result on the subject. 


Continuation of the ATLAS collaboration search for DM with the help of the Z and Higgs 
bosons was carried out in the dedicated paper [174] . Here the was used as a signal — the 

momentum of the reconstructed Z boson is expected to be balanced by the momentum of the 
invisibly decaying Higgs boson (with its mass allowed in the range 110 < mu < 400 GeV/(?). 
The measured Fl™®®-distribution in events with an electron or a muon pair consistent with Z- 
boson decay can be used to constrain the ZH production cross section times the branching ratio 
of the Higgs boson decaying to invisible particles. 
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Figure 18. Limit on the Higgs boson cross section for decay to invisible particles divided 
by the cross section for decays to SM particles as a function of mn at 95% CL, derived 
from the signal region (SR) with if™*®® > 350 GeV. From |lt)9j . 



The total cross section for the associated production of the SM Higgs boson, with mn = 
125.5 GeV/c^, and a Z boson, according to |175| is 331 fb at y/~s = 7 TeV and 410 fb at ^/s = 
8 TeV. The branching ratio of the Higgs boson decay to invisible SM particles {H —?■ ZZ* —)• 4i?) 
is 1.2 X 10“^. The performed search could not be sensitive to this value, and the main idea was 
to look for some enhancement in the invisible decay mode due to a contribution of not-SM 
particles. 

The numbers of observed and expected events are shown in Table Figure 19 shows the 


Table 2. Number of events observed in data and expected from the signal (niH = 125.5 
GeV/c^, cr|^, BR(i7 —)■ invisible) = 1) and from each background source for the 7 and 8 
TeV data-taking periods. From |174j . 


Data Period 

2011 (7 TeV+4.5/fb) 

2012 (8 TeV±20.3/fb) 

ZZ ^ Uvv 

20.0 ± 0.7 ± 1.6 

91 ±1 ±7 

VFZ ^ IvU 

4.8 ±0.3 ±0.5 

26 ± 1 ± 3 

Dileptonic ti, ITt, WW, Z ^ tt 

0.5 ±0.4 ±0.1 

20 ± 3 ± 5 

Z —>■ ee, Z —)■ /r/i 

0.13 ±0.12 ±0.07 

0.9 ±0.3 ±0.5 

W + jets, multijet, semileptonic top 

0.020 ±0.005 ±0.008 

0.29 ±0.02 ±0.06 

Total background 

25.4 ± 0.8 ± 1.7 

138 ± 4 ± 9 

Signal 

8.9 ±0.1 ±0.5 

44 ± 1 ± 3 

Observed 

28 

152 


^miss distribution after the full event selection for the 8 TeV data and the expected backgrounds. 
No significant deviation from the SM expectation was observed in both sets of data collected at 
7 TeV and 8 TeV by the ATLAS experiment. 

Assuming the SM rate for ZH production, an upper limit of 75% (at 95% CL) was set on the 
branching ratio of the SM Higgs boson decay to invisible particles. The expected limit in the 
absence of beyond-SM decays to invisible particles is 62% (at 95% CL). Limits were also set on 
the cross section times branching ratio for additional neutral Higgs boson, with 110 < ruH < 400 
GeV/c^, produced in association with a Z boson and decaying to invisible particles. 
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Figure 19. Distribution of after the full selection in the 8 TeV data (dots). The 
filled stacked histograms represent the background expectations. The signal expectation 
for Higgs boson with niH = 125.5 GeV/c^, a SM ZH production rate and BR{H -A 
invisible) = 1 is stacked on top of the background expectations. From |174) . 


The obtained limit on BR(/f —?■ invisible) for the 125-GeV Higgs boson can be interpreted 
in terms of an upper limit on the WIMP-nucleon cross section, when the Higgs boson serves as 
a mediator between WIMP and SM particles and therefore can decay to the WIMP pair M- 
The formalism used to interpret the BR(i/ —?• invisible) limit in terms of the spin-independent 
WIMP-nucleon cross sections is described in [17611177j . 

Figure shows upper limits on the WIMP-nucleon cross section for three cases in which a 
single WIMP candidate was considered, being a scalar, a vector or a Majorana fermion. There 



Figure 20. Limits on the WIMP-nucleon scattering cross section (90% CL), extracted 
from the BR(i7 —> invisible) limit, compared to results from direct-search experiments. 
Spin-independent results from direct-search experiments are shown from [851117^ [7011791 
111811179111801 [73| . From m- 
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is no sensitivity to these models once the mass of the WIMP candidate exceeds mir/S. The 
Higgs-nucleon coupling was taken as O.SS^gQy |177j . the uncertainty of which is expressed by 
the bands in the figure. It is seen that one has HZl! the strongest limits for low-mass WIMP 
DM candidates. 


The next step of the ATLAS DM program was Search for dark matter in events with a Z 
boson and missing transverse momentum at y/s=8 TeV ... m- Events with large and 

or /i“*'//“-pairs consistent with the decay of a Z boson (Fig. 21) were analyzed at 20.3 
fb“^ statistics of 8-TeV data. It was assumed that the large stemmed from the escaping 




Figure 21. Graph (a) shows 2 WIMPs and Z boson production pp —>■ XX + Z with the 
ISR operator, and graph (b) shows the same process via the ZZxx vertex. From |181j . 


XX particles. Several signal regions with different requirements on the E™'®® were dehned. From 
Fig. 22 one can conclude that no excess above the SM prediction (the background) was observed. 
This is the main model-independent result of m- 



[GeV] 


Figure 22. A™*®® distributions after all event selections. The hypothetical pp —>■ Zxx 

signals are given for various values of the mass scale, M*. The WIMP mass is m^ = 200 
GeV/c^. From |181) 


For interpretation of the obtained results the EFT framework [145| recently extended to 
describe interactions with electroweak bosons was used. Again, the y-particle is considered 
as the only new particle] the mediator mass is assumed to be larger than typical momentum 
transfer, and the WIMPs are produced in pairs only. For graph (a) in Fig. 21 one used contact 
operators Dl, D5, D9 from Table Following [146| . dimension-5 and dimension-7 operators 
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were used to describe the WIMP interaction with the electroweak bosons. The dimension- 
7 operator couples x to Zj* and x to ZZ. Since a Z boson is in the final state for each 
operator, intermediate states with a Z or 7 * each contribute to the matrix element. The relative 


contribution of the Z and 7 * diagrams is a parameter of the theory. According to Fig. 21, two 
models of the WIMP+Z production were considered, via initial state Z-boson radiation, and 
when Z interacts directly with WIMPs. The latter case was not previously investigated. 

The region (Fig. 22) with the best expected limit on the cross section for pp —>■ Zxx + ^ 
production was used to calculate the limits (given in Fig. 23) on the mass scale M* as a function 
of rriy for each effective operator in both above-mentioned models. Again, one sees substantial 



Figure 23. Lower limits (90% CL) on the mass scale, M*, of considered six contact 
operators as a function of rriy-. For each operator, the values below the corresponding 
line are excluded. From |181) . 


variation of the M* as a function of the form of the effective operators. 

To complete the traditional ” collider-DM-search” analysis one transformed EFT limits from 
Fig. 23 into exclusion curves for the x-nucleon cross sections. The comparison of these limits 
with the direct and indirect detection exclusion curves is shown in Figs. 24 and 25 One 


can conclude from these hgures that the ATLAS spin-dependent limits under discussion are 
less stringent than the ATLAS limits for WIMP candidates recoiling against a IT or Z boson 
decaying to hadrons [169j . The limits degrade by 13-23%, depending on the signal region 

under consideration. On the contrary, there is some improvement between the ATLAS results 
in the case of the spin-independent y-nucleon interaction, but, in general, all collider limits are 
still far to be competitive with direct DM limits. 

In [181] limits are also set on the coupling and mediator mass of a model in which the 
interaction is mediated by a scalar particle |182j . In this model a scalar-mediator p, with mass 
nirj, and a 77 -WIMP coupling strength / is responsible for the production of the DM particles. 
Limits on the cross section times branching ratio in the scalar-mediator model are shown in Fig. 7 
of |181] . and limits on / as a function of mediator mass rurj and as well as the exclusion 
region, are shown in Fig. 8 of |181j . These limits do not look very exciting, and neither does 
their further applicability. 
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Figure 24. Observed upper limits (90% CL) on the x-nucleon cross section as a func¬ 
tion of for the spin-dependent D9 operator. The limits are compared with ATLAS 
results from hadronically decaying WjZ |169j and j + XX searches, COUPP |173j . 
SIMPLE [9l], PICASSO [87], and IceCube [172|. From [HI]. 



Figure 25. Observed upper limits (90% CL) on the y-nucleon cross section as a 
function of for spin-independent effective operators. The limits are compared with 

ATLAS results from hadronically decaying WjZ [169] and j -I- yy [151] searches, Co- 
GeNT [HT], XENONIOO [TO], CDMS [1101112], and LUX [Tl]. From [W] . 


Investigation of the DM problem with the ATLAS detector was continued by dedicated Search 
for dark matter in events with heavy quarks and missing transverse momentum ... with 

20.3 fb“^ oipp collisions collected at 8 TeV. This search for WIMP pair production in association 
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with bottom or top quarks (pp —?• XX + b{b),t{t) + X) was carried out in events with large i?™ 


produced together with high-momentum jets of which at least one was a b-quark-jet (Fig. 26). 
Final states with top quarks were selected by requiring a high jet multiplicity and in some cases 



Figure 26. Dominant graphs for WIMP y production in conjunction with (left) a single 
6-quark and (right) a heavy quark (bottom or top) pair. From |183j . 


a single lepton |183| . 
Figure 


27 


shows the measured distributions for three signal regions and the so-called 

Razor variable ^-distribution for the 3rd signal region. Variable R allowed one to utilize both 
transverse and longitudinal information about the event |184j . On this basis maximal rejection 
of the abundant tt^background was achieved for R > 0.75. In the figure all expected signals of 






Figure 27. Comparison between data and expected SM background. distribu¬ 

tions in SRI (a) and SR2 (b) with expected signal (red line) for xX + Kb) due to D9- 
operator. R distribution in SR3 (c) excluding the selection on R. distribution in 

SR4 (d) excluding the selection on In (c), (d) the expected signal (in red) is given 

for XX + R due to Dl-operator. The final selection requirements are indicated by an 
arrow. Other backgrounds are composed of diboson and multijet production. From |183j . 

the WIMP production were calculated for = lOGeV/c^. The data distributions were found 
to be consistent with the relevant SM expectations. 
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From the measured F^™'®®-distributions limits were set on the mass scale M* of the scalar Dl, 
Cl and tensor D9 EFT operators (Table [^, that were used to describe WIMP-SM interactions 
m- For these operators Fig. shows M^-m^ lower limits obtained from 4 different signal 
regions SR1-SR4, dehned in Table 1 of |183j . Typical rather substantial M*-dependence on a 



Figure 28. Lower limits on M* (90% CL) for the SRI (red), SR2 (black), SR3 (green), 
and SR4 (blue) as a function of for the operators (a) Dl, (b) Cl, and (c) D9. Solid 
lines and markers indicate the validity range of the EFT. the dashed lines and hollow 
markers represent the full collider constraints. From |183j . 


type of EFT operator and signal region is clearly seen. 

From Fig. 28 the traditional exclusion curves for the WIMP-nucleon cross-section for SI and 
SD interactions were obtained. Figure [M] shows that, as expected, the limits on the x-nucleon 




Figure 29. 90% CL upper limits (red) on the y-nucleon cross-section as a function of 
(left) for the spin-independent coupling (scalar operator Dl), and (right) for the spin- 
dependent coupling (tensor operator D9). The other curves show the exclusion curves 
from some of direct DM experiments |731 1180111731 157 ] . From |183) . 


cross-section improve rather significantly previous constraints in the regions of low-mass WIMPs. 

The results of Fig. 27 were also interpreted in a bottom-Flavoured DM model (6-FDM) [185] . 
The model was proposed to explain the Fermi-LAT excess of y-rays from the Galactic center 
in terms of specific DM annihilation, when the DM particles with mass of about 35 GeV/c^ 
annihilated into 6-quarks via a colored new scalar field, (j) (Fig. |3^. The DM x particle is 
assumed to be a Dirac fermion that couples to right-handed down-type quarks, mainly to the 
6-quarks. Therefore the collider signature is 6-quarks produced in association with 
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X 
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Figure 30. Example of DM, production in the 5-FDM model. From |183j . 


From the observed exclusion contour in the m^j,) plane given in Fig. 7 of |183| . one 

concluded that in the 6-FDM model mediators with 300 < < 500 GeV/c^ are excluded at 

95% CL for DM particles with ~ 35 GeV/c^. Unfortunately, this information is not yet 
enough to reject completely the fe-FDM model. The general conclusion of m is typical — the 
data are consistent with the SM, limits are the strongest at low DM masses. 


The ATLAS collaboration has produced new results of mono-photon, mono-lepton and mono¬ 
jet study with 8 TeV data, and has improved previously published 7-TeV-based DM constraints. 
Remarkably, the new ”8-TeV” papers used ’’new phenomena” or ’’new particles” instead of the 
words ’’dark matter” in their titles. 

Results of a search for new phenomena in events with an energetic photon and large missing 
transverse momentum in pp collisions at 8 TeV and integrated luminosity of 20.3 fb“^ were 
reported in [186| . The obtained distribution of events with an energetic photon is shown 

in Fig. 31 The observed (in signal region) 521 events were well described by the SM background 



150 200 250 300 350 400 450 500 550 

E7“ [GeV] 


Figure 31. Distribution of A™'®® in the signal region for the data and for the back¬ 
ground. The lower part of the figure shows the ratios of the data to the expected- 
background event yields. From |186j . 


prediction of 557 ± 36 ± 27, extrapolated from control regions. These results were interpreted 
in terms of exclusions on models that would produce an excess of the events. 

If a denotes a cross section of a new physics process, producing the signature, then 

the most model-independent limit can be set on the fiducial cross section cr x A. The fiducial 
acceptance A was defined in |186) . The limit on cj x A was derived from a limit on the visible 
cross section cr x A x e, where e is the fiducial reconstruction efficiency. A conservative estimate 
e = 69% was computed using WIMP samples with no quark/gluon produced from the main 
interaction vertex. The finally observed upper limit on the fiducial cross section was 5.3 fb (95% 
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CL). This limit is applicable to any model that produces y+E'™®® events in the hdncial region 
and has similar reconstruction efficiency e [ 186 ]. 

In [186] both the EFT approach [145] with two parameters my_ and M* and a model with a 
Z'-like mediator [146] were considered. In the latter case the mediator state V can be explicitly 
produced when the typical momentum transfer in LHC collisions could reach the scale of the 
microscopic interaction Q > my (Fig. 32). The interaction is described in the model by four 


7 



Figure 32. Production of yy-pairs via an explicit s-channel L-mediator. The mass 
suppression scale of contact interaction appears via = my/^JgfQxi where my is the 
mediator mass, gf and g^ represent the relevant coupling factors. From [186] . 


parameters — my, the width of the mediator T, and the overall coupling xfdWx- 

From the main results given in Fig. 31 traditional EFT constraints were derived in the form 
of limits on the M* as a function of m^- But at this time one has cared about validity of the 
EFT. When the momentum transfer Q becomes comparable to the mass of the intermediate 
state my = M* x/OfSx EFT approach fails [14511148] . In order to have the situation under 
some control, limits obtained in [186] were presented only when (in simulated events) Q < my, 
for y/gfQx = 1, or 4?! (i.e. when the perturbative approach was still valid). This procedure was 
referred to as truncation. For the effective operators D5 (vector), D 8 (axial vector), and D9 
(tensor) from Table these truncated limits are collected in Fig. 7, 8 , and 9 of |186j . 

Finally these M*-limits were translated, according to [nsj, into exclusion curves for the 
WIMP-nucleon interaction cross section as a fnnction of m^- The results are shown in Fig. 33 for 
spin-independent (D5) and spin-dependent (D 8 , D9) x^nucleon interactions and are compared 
to other measurements from various DM search experiments. 

One can conclude from the figure that the LHC search for WIMP pair production accompanied 
by an energetic 7 -quanta traditionally extends the limits on the y-nucleon scattering cross section 
to the low-mass region of m^ < 10 GeV/c^. In fact, it brings nothing new. 


The 7 -I-F™®® data were used in [186] to constrain another DM model, which coupled directly 
WIMPs and SM gauge bosons [187] . The effective WIMP couplings to different bosons were 
parametrized by the coupling strengths ki and k 2 , which correspond to the U(l) and SU(2) 
gauge sectors of the SM. WIMP production in the model via pp —)• 7 -|- X —>■ JXX + does 
not require any initial-state radiation (Fig. |34|). This model can also describe the line near 130 
GeV in the Fermi-LAT 7 -ray spectrum [188] . and allows a direct comparison of the Fermi-LAT 
and the ATLAS data in the same parameter space. 

For this model limits were placed on the effective mass scale M* in the {k 2 ,ki) parameter 
plane, as shown in Fig. [^ The exclusion line is drawn by considering the value of M* needed 
to generate the XX 77 annihilation rate consistent with the observed Fermi-LAT 7 -ray line. 
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Figure 33. Upper limits (90% CL) on the x-nucleon cross section as a function of 
for spin-independent (left) and spin-dependent (right) interactions. The truncation 
procedure is applied and coupling strength g = y/gj^=l, or 47r. The previous ATLAS 
results obtained with 7 TeV data and results from DM search experiments [701 USOl IMl 
[871 EHEa[881 inainsiESinia 112 ] are also shown. From [T86]. 
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Figure 34. Production (s-channel) of pairs of WIMP particles (xx) via an effective 
77XX vertex. From [186] . 


Contrary to the EFT problem with verification of validity (by means of truncation), any 
simplified model with explicit mediator is ultraviolet complete and therefore robust for all values 
of Q. For such a simplified Z'-like model with vector interactions and mediator width F = my jS, 
Fig. 14 from |186j shows the limits on the coupling parameter y/gj^ calculated for various values 
of the WIMP and mediator particle masses, and compared to the lower limit resulting from the 
relic DM abundance |189j . This competition between the relic DM abundance limits and LHC- 
found limits looks very complicated and not very impressive. 

Furthermore, for this model with Z'-like mediator |146j limits on M* as a function of mv are 
shown for vector (Fig. 


and for axial-vector (Fig. 37) interactions. The limits are given for 
two representative WIMP masses rriy^ of 50 and 400 GeV/c^. The M^t-my contours (thin lines) 
for an overall coupling y/gjQx = 0.1,0.2,0.5,1, 2, 5,47r are also shown in both figures. 

One can see that when my is greater than the LHC reach, the EFT approach provides a good 
approximation of the simplified model. The EFT limits look always more conservative than 
those from the simplified model as long as my is greater than or equal to the value used for 
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Figure 35. Limits at 95% CL on the effective mass scale M* in the {k 2 ,ki) parameter 
plane for the s-channel EFT model inspired by Fermi-LAT 7 -ray line, for = 130 
GeV/c^. The upper part of the plane is excluded. From |186j . 
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Figure 36. Observed lower limits at 95% CL on the EFT suppression scale M* as 
a function of the mediator mass my, for a Z'-like mediator with vector interactions. 
Results are shown for different values of the mediator total decay width F and compared 
to the EFT observed limit results for a D5 (vector) interaction (dashed line). From |186| . 


EFT truncation. This can be seen by comparing the M* limits derived from the EFT approach 
using truncation to those of the simplified model, recalling that my = 

Finally observed y-hF™®® distributions were used in |186j for supersymmetry constraints. 
Collisions of protons could result in pair production of squarks, q, which could decay to a SM 
quark and a stable neutralino Xi- If th® mass difference rriq — m^o is small, the SM quarks 
would have very low momentum and would therefore not be reconstructed as jets. Again, the 
radiation of a photon either from an initial-state quark or an intermediate squark wonld result 
in 7 -I-F™®® events, as shown in Fig. 

One can conclude that the data of [186] are well described by the expected SM backgrounds. 
The observed upper limit on the fiducial cross section for the production of 7 -I-F™®® events 
is 5.3 fb (95% CL). More sophisticated analysis was given, validity of the EFT was discussed. 
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Figure 37. Observed limits at 95% CL on the EFT suppression scale M* as a function 
of the mediator mass my, for a Z'-like mediator with axial-vector interactions. Results 
are shown for different values of the mediator total decay width F and compared to the 
EFT observed limit results for a D8 (axial-vector) interaction (dashed line). From |186j . 



Figure 38. Pair production of squarks (q), followed by decay into quarks and neutrali- 
nos (xi). From |186j . 


Exclusion limits were presented on models of new phenomena with large extra spatial dimensions, 
supersymmetric quarks, and direct pair production of WIMP DM candidates |186j . Nevertheless, 
the paper leaves a feeling that one sinks into a set of quasi-model-independent receipts with a 
number of parameters of low physical meaning. 


Continuation of the Search for new particles in events with one lepton and missing transverse 
momentum in pp collisions at -y/s = 8 TeV with the ATLAS detector using 20.3 fb“^ of collected 
data was published in |190] . For measured electrons and muons Fig. 39 shows the p-p, FI™®®, 
and rup spectra after final event selection. The expected SM background and three examples of 
VT'-boson signals at different masses are also given in the Figure. 

The transverse mass variable mx = 2 ptF™®®( 1 — cos was used to identify the signal. 

Here pp is the lepton transverse momentum, F™^®® is the magnitude of the missing transverse 
momentum vector and (pii, is the angle between the pp and vectors. The F™'®® in each 

event is evaluated by summing over energy-calibrated physics objects (jets, photons and leptons) 
and adding corrections for calorimeter deposits not associated with these objects [190j . 


One can see agreement between the data and the predicted SM background for events with 
rup < 252 GeV, the lowest rup threshold used to search for a new physics. The value of the 
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Figure 39. Spectra of lepton prp (top), (centre) and rur^ (bottom) for the electron 

(left) and muon (right) channels. The spectra of and are shown with the 

requirement rrij, > 252 GeV. The ratio of the data to the total background prediction is 
shown below each of the distributions. From m- 


m-p threshold was a result of an optimization procedure. No significant excess beyond SM 
expectations is observed. 

The mono-lepton data spectra (Fig. 39) were used to constrain direct production of WIMP DM 
candidates, which expected to be pair-produced, pp —)■ XX + via some non-SM intermediate 
state. To obtain these constraints the EFT contact operators D1 (scalar), D5c (vector, with 
constructive interference) and D5d (vector, with destructive interference) and D9 (tensor) from 
Table □ were used. 

On this basis the new results of the ATLAS search for pair production of WIMP particles 
in association with a leptonically decaying W-boson at 8 TeV (Fig. were transformed into 


limits on M* (Fig. 40) and into exclusion curves for the WIMP-nucleon scattering cross-section 
(Fig. 41). Both are shown as a function of the WIMP mass m^. Results of the previous ATLAS 


searches for VF/Z-boson decaying hadronically [169| . Z-boson decaying leptonically |181] . and 
j + XX [Ihlj are also given in the figures. 

One can see that the WIMP production signature with hadronical W decays gave a factor of 
1.5 stronger limits on M* with respect to the signature with leptonical W decays. The limits 
in Fig. 40 were expected to be stable down to arbitrarily small values. One should note that 
the comparison between direct detection and ATLAS results (given in Fig. 41) is only possible 
within the validity of the EFT formalism (section which was not discussed in |190] . 

Besides looking for the WIMP pair production some other Beyond-SM results were obtained 
in [190j . In particular, a VF'-boson with Sequential SM couplings was excluded for masses up to 
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Figure 40. Observed limits for various EFT operators on M* as a function of the at 
90% CL for the combination of the e- and /r-channel. The values below the corresponding 
line are excluded. Results of the previous ATLAS searches are also shown. From [HD]. 



Figure 41. Observed limits on the WIMP-nucleon scattering cross-section as a function 
of rrix at 90% CL for spin-independent (left) and spin-dependent (right) EFT opera¬ 
tors. Results are compared with the previous ATLAS searches and with direct detection 
searches by CoGeNT [157], XENONIOO [7T], CDMS [1801182|, LUX [23|, COUPP |m] . 
SIMPLE [an, PICASSO [87] and IceCube [T72] . From m- 


3.24 TeV/c^, and excited chiral VF*-bosons [191] 1192] with equivalent coupling strengths were 
excluded for masses up to 3.21 TeV/c^. 

Much more sophisticated analysis of the mono-jet signature was carried out with 20.3 fb“^ 
of data in the paper [153] titled as Search for new phenomena in final states with an energetic 
jet and large missing transverse momentum in pp collisions at ^/s = 8 TeV with the ATLAS 
detector. 

Remember that the signature with an energetic jet and large is considered as a very 

distinctive tool for a new physics search at colliders. These ” monojet-like” (mono- 7 , mono-W/Z, 
mono-77, etc) final states were already studied [1931119411168111951116711196111511116611197111831 
11811116911198] in the searches for SUSY, large extra dimensions, and WIMPs as candidates for 


DM. 
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The mono-jet events for the study were required in |153j to have no leptons at all and at least 
one jet with pr^> 120 GeV/c. The missing transverse momentum of these events were varied 
between 150 GeV and 700 GeV. The full data selected and the expected SM 

background are presented in Tables 4 and 5 of original paper |153j . 

Several measured distributions for three signal regions SRI (i?™^®®>150 GeV), SR7 (£“'^^>500 
GeV) and SR9 (i?™®®>700 GeV) together with the SM expectations are shown in Fig. 42 and 
Fig.p^ For illustration purposes, the figures include the impact of different Beyond-SM (ADD, 
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Figure 42. Measured distributions of (a) the jet multiplicity, (b) A™'®®, (c) leading jet 
p-p, and (d) the leading jet p-pto ratio for the SRI selection compared to the SM 

expectations. From |153] . 


WIMP, and GMSB SUSY) scenarios. 

In general, good agreement was observed between the data and the SM expectations. The 
largest difference (1.7a deviation) between the number of events in the data and the expectations 
was observed for Fi™^®®>700 GeV (signal region SR9). 

The agreement between the data and the SM expectations was used to put model-independent 
upper limits (Table on the visible BSM cross section a x Ax e (cross section x acceptance x 
efficiency), using approach of |199) and the systematic uncertainties on the backgrounds and the 
uncertainty on the integrated luminosity. The Table shows that visible cross sections a x A x e 
above 599 fb-2.9 fb are excluded at 90% GL for SR1-SR9 selections, respectively. Simulation of 
background processes Z(-^ nu)-|-jets allowed one to find that typical event selection efficiencies 
e vary from 88% for SRI and 83% for SR3 to 82% for SR7 and 81% for SR9. 

The main model-independent results of |153) given in Tablej^and in Fig. 42 and Fig. 43 can be 
transformed into exclusion limits on pair production of WIMP DM candidates, and further, for 
example, on models with large extra spatial dimensions and production of very light gravitinos 
in a gauge-mediated SUSY model. 
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Figure 43. Measured distributions of the jet multiplicity, leading jet prp, and the 
leading jet p^pto if™®® ratio for (a) SR7 and (b) SR9 selections compared to the SM 
expectations. From |153j . 

Table 3. Observed (expected) 90% and 95% CL upper limits on the visible cross section 
tr X A X e in fb for the SR1-SR9 selections. From |153j . 


Signal Region 

90% CL 

95% CL 

SRI, 

TTimiss 

£/rp 

> 

150 

GeV 

599 

(788) 

726 

(935) 

SR2, 

ZT'miss 

> 

200 

GeV 

158 

(229) 

194 

(271) 

SR3, 

ZT'miss 

£/rp 

> 

250 

GeV 

74 

(89) 

90 

(106) 

SR4, 

TTimiss 

£/rp 

> 

300 

GeV 

38 

(43) 

45 

(51) 

SR5, 

TTimiss 

> 

350 

GeV 

17 

(24) 

21 

(29) 

SR6, 

ZT'miss 

£/rp 

> 

400 

GeV 

10 

(14) 

12 

(17) 

SR7, 

ZT'miss 

T^rp 

> 

500 

GeV 

6.0 

(6.0) 

7.2 

(7.2) 

SR8, 

TTimiss 

£/rp 

> 

600 

GeV 

3.2 

(3.0) 

3.8 

(3.6) 

SR9, 

TTimiss 

£/rp 

> 

700 

GeV 

2.9 

(1.5) 

3.4 

(1.8) 
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As already discussed above, any search for WIMPs at a collider, in particular at the LHC 
|200j . is an important possibility of spreading some light on the DM problem. To fit the correct 
relic density for non-relativistic cold DM in the early universe [TH] the WIMP masses are allowed 
to be between a few GeV/c^ and a TeV/c^, and they are expected to interact, despite gravity, 
only (very) weakly. Like ordinary neutrinos, WIMPs will escape detection because they ca not 
deposit any measurable amount of energy in a calorimeter. Therefore, one inevitably concludes 
that WIMP production at a collider can be noticed only by means of large transverse momentum 
imbalance (p™'®®) of ordinary particles, the magnitude of which is called 

To convert the main model-independent results of |153j into numerical constraints on the 
DM problem, one traditionally used the EFT approach, where the effective contact operators 
(Tabledescribe WIMP-SM interaction, which in fact could be mediated by a single new heavy 
particle or particles with mass too large to be produced directly at the LHC (Fig. [deleft)). 



Figure 44. Feynman graphs for production of WIMP pairs XX associated with a jet 
from initial-state radiation of a gluon, via a contact effective operator (left), and in a 
simplified model with a Z' intermediate boson (right). From [153] . 



The representative set of seven operators (Table included Cl (scalar), D1 (scalar), D5 
(vector), D8 (axial-vector), D9 (tensor), C5 (scalar). Dll (scalar) operators. The first hve de¬ 
scribe bilinear quark couplings to WIMPs, qq —)> xX-, the latter two describe gg —)• xX couplings. 
Despite the serious questions about the validity of the EFT approach (section , one is forced 
to use it due to a lack of a reasonable alternative approach for comparing LHC results with 
results of direct and indirect DM searches. 

From signal regions exhibiting the best expected sensitivity, for each EFT operator under 
consideration one first extracted the limits on M* as a function of rriy^ (Fig. 45). The la and 2cr 
error bands around the expected limit are due to the acceptance uncertainties. In particular, the 
main sources of experimental uncertainties were the parton-shower matching scale (5%), jet and 
F™'®® energy scale (up to 10%), and PDF (5-29%). The main sources of theoretical uncertainties 
were variation of the renormalization and factorization scales of the EFT operators (up to 46%), 
and uncertainty due to the PDF for the operators (20-70%). The effect of the beam-energy 
uncertainty (2-9%) on the observed limit was negligible |153) . 

Looking at Fig. 45 one agrees with [IS3] that a demonstration of the EFT validity could be 
done by relating the scale M* to the mass of a mediator my and the coupling constants gi by 
my = f{gi,M^). The explicit form of the function / depends on the concrete operator. For a 
given operator, the validity criterion is Q < my, where Q is a momentum transferred in the 
hard interaction. Following this criterion, events were excluded from the analysis and omitted 
in Fig. 45 The criterion also depends on gi, for which one considers two possibilities: gi = 1, 
and the maximum possible coupling to stay in the perturbative regime {-yjgigj = 47r). 
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Figure 45. Lower limits at 95% CL on the scale M* are shown as a function of the 
WIMP mass for (a) Dl, (b) D5, (c) D8, (d) D9, (e) Dll and (f) C5 operators. The 
expected and observed limits are shown as dashed black and solid blue lines, respectively. 
The rising green lines are the M* values at which WIMPs of the given mass result in the 
relic density as measured by WMAP [201j . assuming annihilation in the early universe 
proceeded exclusively via the given operator. The purple long-dashed line is the 95% CL 
observed limit on M* imposing a validity criterion with a coupling strength of 1, the red 
dashed thin lines are those for the maximum physical coupling strength. From [153] . 


After reducing the signal cross section according to the criterion, the scale M* was recalculated 


in two expected trnncated limit lines in Fig. 45 The truncated limits fulhll the validity criteria 
wherever the lines are drawn in the figure. 

Finally, using D9 as an example, one can see that the maximum coupling criterion is fnlfilled 
for all WIMP masses, the gi = 1 criterion is fulfilled for < 200 GeV/c^. For C5, the validity 
criterion for = 1 is violated over almost the whole WIMP mass range, and a truncated limit 
line is only drawn up to a WIMP mass of 10 GeV/c^. 
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For completeness, Fig. 45 also includes WIMP thermal relic curves, calculated for only one- 
in-time effective operator in question [145j . with the WIMP-SM coupling, that for fixed M* and 
gives the correct relic abundance. Remarkably, the D8-thermal-relic line has a bump at the 
top-quark mass where the annihilation channel to top quarks opens |153j . Under the assumption 
that true DM is entirely composed of these thermal relics, the limits on M* which are above 
the value required for the thermal relic density exclude the case where WIMPs annihilate to SM 
particles via the corresponding operator. 

This discussion, taken almost completely from |153j . demonstrates to an unbiased reader how 
complicated, poor controlled, and, therefore, rather useless are all these attempts to stay within 
the EFT approach. Furthermore, one can notice that the variation of upper limits on the scale 
M* as a function of an effective operator looks very substantial. Several auxiliary curves (with 
truncated limits and for relic abundance) in the hgures convince the reader in the high accuracy 
level of the analysis, but make the impression of the figures very complicated and do not clarify 
the usefulness of these curves. 

To obtain quantitative limits on WIMP pair production a so-called simplified model was 
used in addition to the EFT approach in |153j for alternative description of the WIMP-pair 
production. In the model the WIMPs couple to a q-pair explicitly via a new vector Z' boson 
(Fig. [44|( right)) with mass my and width F. In this case only coupling of qq —)> XX can be 
probed and the product of the coupling constants ^gq can be constrained. Since in the model 
one explicitly has M* = my /^gq gxi this equality can be given as a point in the M^-niy plane 
in Fig. [4^a). Therefore for a given my and two representative values of F, one can compare 


0 ) 



10 ^ 

[GeV] 


Figure 46. (a) Observed 95% CL limits on the suppression scale M* as a function of the 
mediator mass Mmed = my, for = 50 and 400 GeV/c^. The width of the mediator 
r = my or my The corresponding limits from EFT models are shown as dashed 
lines; contour lines indicating a range of values of y/Eql/x ^ho shown, (b) Observed 
95% CL upper limits on xEfqlhc the plane of Mmed versus m^^. Values leading to the 
correct relic abundance |201] are shown by the black solid line. From |153j . 
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the ’’true” above-mentioned value of the M* with the M* value (shown as dashed line) derived 
assuming a contact interaction. 

From the figure one conhrms the rather obvious point that the contact interaction can work 
only for my > 5 TeV/c^ because in the intermediate range (700 GeV/cP < my < 5 TeV/P) the 
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mediator can be produced resonantly and the true M* is higher than the M* obtained in the 
contact interaction regime. In this case the contact interaction limits will be pessimistic. Next, 
smaller mediator masses my < 700 GeV j(? give smaller true M* limits because once m^ > ray 
the WIMP pair production via this mediator will be kinematically suppressed. In this region, 
the contact interaction limits would be optimistic and overestimate the true M* values |153j . In 
this situation a question survives: Row could one know which mediator mass ’’works today”? 

In Fig. [46|b) the observed upper limits on the product of couplings of the simplified model 
vertex ^gq g^. are shown in the my-my. plane. Within this model, the regions to the left of 
the correct-relic-density line lead to the values of the relic density larger than measured and are 
excluded. 

Therefore the use of a simplified model allows one to avoid the poorly controlled problems of 
the EFT validity, to obtain some feeling about the EFT validity, but as a price an extra parameter 
dependence appears and the obtained constraints become more and more complicated. 

Unfortunately, at the moment the EFT approach looks inevitable if one wants to obtain from 
Fig.j^some valuable constraints on possible WIMP-nucleon SD and SI couplings. Therefore, as 
before, for example in |151j . these limits with relevant effective operators were converted 

into exclusion curves for the SD and SI WIMP-nucleon scattering cross sections. 

The ATLAS-obtained exclusion curves (Fig. [4^ look particularly relevant for low WIMP 
masses and remain important for all m^. The spin-dependent ATLAS exclusion curves in 
Fig.|47[b) are based on limits from the D 8 (axial-vector) and D9 (tensor) operators. Both of them 
are significantly stronger than those from direct-detection experiments. The spin-independent 
ATLAS exclusion curves Fig. [47)(a) traditionally look less restrictive. 

Figure [47|(c) illustrates conversion of the M*-m^ constraints into upper limits on the WIMP 
annihilation rate, calculated as the product of annihilation cross section a and the relative 
WIMP velocity v averaged over the DM velocity distribution {crv). Results of vector and axial- 
vector operators describing the annihilations of WIMPs to the four light-quark flavors are only 
shown. One can compare these limits with those obtained earlier in [15 Ij . Limits on the 
WIMP annihilation to uu- and gg-pairs from galactic high-energy 7 -ray observations by the 
Fermi-LAT |202j and H.E.S.S. |203j telescopes and the annihilation rate that follows from the 
thermal relic density measured by WMAP |2r)l| and PLANCK |204) satellites are also shown 
for comparison. 

Figure 47 again concerns the EFT validity problem and shows the effects of the truncation 
procedure on the upper limits for the considered WIMP observables. In general, the EFT limits 
remain valid for WIMP masses up to about 200 GeV/c^. The effect depends strongly on the 
operator and the values for the couplings. The allowed variation of the coupling strengths leads 
to changes in the limits of up to one order of magnitude. Strictly speaking, it is rather difficult 
to believe in usefulness of such limits. 


The mono-jetexperimental data (Figs. 


42 


and 43) can be used (as before in |174] 1 for 

invisible) is not yet 


a study of the Higgs boson invisible decays [146| . A sizable value of BR{H 
experimentally excluded. There are models connecting a ’’hidden” DM sector with SM particles 
via direct DM-Higgs-SM-couplings (for example, |205l 1206112071 fT77] L In this case the Higgs 
boson can decay into invisible WIMP DM candidates producing a deviation of a measured SM 
Higgs branching ratio from the expected one [23]. 
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Figure 47. The exclusion curves for (a) the spin-independent and (b) spin-dependent 
WIMP-nucleon cross section as a function of the WIMP mass for different effective 
operators. Results from direct-detection experiments for the spin-independent IZilll 
[sn [13 m [13 [TT] and spin-dependent [13 [H [H [13 H] cross section, and the CMS 
(untruncated) results |197j are shown, (c) The 95% CL limits on the WIMP annihilation 
rate as a function of the WIMP mass. Results from 7 -ray telescopes [20211208j are also 
shown, along with the thermal relic density annihilation rate |201[ I204j . From |153j . 


At the LHC, based on the associate Higgs-Z boson production, the strong upper limits of 
58-65% (at 95% CL) were already set on the branching ratio for the Higgs invisible decay 
|I74l 1208] . This investigation was continued in [153] . where the mono-jetfinal state was 
used to search for the production of an invisibly decaying SM Higgs-like boson with an allowed 
mass range between 115 GeV/c^ and 300 GeV/c^. Figure 48 shows the observed and expected 
limits on the production cross section times branching ratio a x BR(i7 —?■ invisible) as a function 
of the boson mass. 

Values for a x BR(F7 —)> invisible) above 44 pb for mjy = 115 GeV/c^ and 10 pb for rufj = 
300 GeV/c^ are excluded. Comparison with previous constraints from the analysis of ZH{Z —?■ 
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Figure 48. The observed (solid line) and expected (dashed line) 95% CL upper limit 
on cr X BR(iL —invisible) as a function of the boson mass niH- The shaded areas around 
the expected limit indicate the expected ±lcr and ±2tT ranges of limits in the absence 
of a signal. The expectation for a Higgs boson with BR(iL —>■ invisible) = 1, is also 
shown. From |153j . 

i^i~) final states |174| shows that the obtained result is less sensitive and does not yet have the 
sensitivity to probe the SM Higgs boson couplings to invisible particles, at least for Higgs boson 
mass of 125 GeV/c^ |153j . 

Concluding the very sophisticated study of |153j one can say that search for new phenomena in 
events with an energetic jet and large at ^/s = 8 TeV did not give evidence for disagreement 
with the SM expectations. The results were translated into model-independent upper limits on 
new physics contributions. Furthermore, a very sophisticated analysis of the EFT validity was 
carried out. To this end a special Appendix was arranged in |153j . The discussion of the subject 
runs to the higher level. 

The latest, to our knowledge, results of the ATLAS search for invisible decays of the Higgs 
boson produced in association with a hadronically decaying vector boson in pp collisions at ^/s 
= 8 TeV are given in |209j . 

Very similar analyses were carried out by CMS collaboration, and similar results were ob¬ 
tained. In particular, the review Search for Dark Matter at CMS ra has presented the results 
from searches for directly produced WIMP particles on the basis of the full LHC RUN I dataset 
of 20 fb“^ at 8 TeV. Final states with a mono-jet, mono-photon, and mono-lepton signature were 
considered, as well as processes with WIMP particles produced in association with top quarks. 
Most of these results were interpreted using the EFT approach, while results in simplified models 
were also reported. The latest results of the CMS collaboration DM search are given in |210j . 
Recent reviews of the subjects can also be found in [23l I150j . 

In the conclusion of this section (about ATLAS program for the WIMP search at the LHC) one 
can first point out that unfortunately, despite increasing complexity and increasing accuracy of 
the analyses performed in 2010-2014, all searches gave no evidence for a signal of physics beyond 
the SM based on the signature. This is the main physics result of the program. 
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Second, the justification of connection of this program with the DM problem relies on a key 
assumption that the WIMPs looked for at the LHC are equivalent to the true DM particles. 

Third, one believes, with all known caveats on the EFT results in mind, a few robust obser¬ 
vations can be made on the complementarity between the collider and direct searches for DM 
particles. The first feature is the strength of the collider analyses searching for low-mass WIMPs 
with reasonable sensitivity up to zero mass. Nevertheless, a question survives about usefulness 
of these ’’zero-mass” results for solution of the DM problem. Nowadays it looks unrealistic that 
cosmological (cold, warm, etc) DM particle masses could be indeed so small. Obviously, at a 
rather high WIMP mass, the collider WIMP search potential vanishes due to the drop of the 
WIMP production cross section Furthermore, at least today, the direct DM detection 

technique is more constraining for spin-independent scattering for WIMP masses above a few 
GeV/c2 [23]. 


Another complementarity follows from the point that collider people believe that the direct- 
detection experiments have typically reduced sensitivity to spin-dependent interactions, and 
hence allows the collider searches to constraint severely this kind of interaction at intermediate 
WIMP masses as well. Nevertheless, it is obvious that this statement has no power to reduce 
importance of modern direct DM-search experiments especially sensitive to the spin-dependent 
DM-proton/neutron couplings. The simple reason is that collider constraints concern WIMPs 
escaping detection, but not true DM particles. This most crucial assumption forces one to 
be very careful when comparing collider results with direct searches, to say nothing about the 
specihc assumption of EFT or/and many specific variants of a simplified model. 

As it pointed, in particular in |146| . if WIMP-SM interactions at LHC energies cannot be 
described by effective operators, the obtained WIMP-SM constraints, depending on the mass 
and width of the intermediate particle, can become either significantly stronger or considerably 
weaker. This statement almost kills the meaning of the EFT-based analysis, because today one 
is unable to know for sure (also a posteriori) which of the unknown intermediate particles really 
contributed, to say nothing about its mass and width. 

Finally, it is reasonable to end this section with the slide (given in Fig. 49) from one of a honest 
discussions of WIMP-DM search at the LHC, which collects the set of assumptions concerning 
the main subject. It is rather difficult to refrain from a ’’criminal” thought that here the points 
are assumed that in fact one should prove experimentally. 


• Assuming this particle is cosmologically stable 

• Assuming all DM is one type of particle 

• Assuming same interaction as for direct detection 

• Assuming Effective Field Theory is in range of validity 

• Assuming local DM density well known 

• Assuming DM velocity distribution is well known 

• We find... 


Figure 49. The main assumptions allowing DM interpretation of the collider WIMP search. 

New papers are expected from the LHC on the subject, but it is clear now that they can add 
very little to solution of the DM problem and one should wait for success of direct DM search 
experiments. 
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7. Exotic DM searches 

The lack of clear evidence for Physics beyond SM (BSM), the absence of any SUSY signals 
and any hints of WIMPs in the first phase of the LHC, insufficient sensitivity of traditional direct 
and indirect techniques (excluding DAMA/LIBRA) to observe galactic halo DM in a laboratory 
have all cast some doubts on linking a true DM mass with the electroweak scale m- 

This point, together with some semi-confirmed hints on the BSM physics from rare decays, 
low-energy measurements, astrophysical observations and cosmological analyses, has motivated 
one to look for new strategies for DM searches at colliders, and for other DM candidates and 
DM-related models, like, for example, dark photon, light dark matter (LDM) particles with 
masses 0.1 10 GeV/c^ | 212 j and many others. Only some of them are briefly discussed in this 

section. 

From the other side, people traditionally believe that such a situation suggests a need for much 
higher energies. One expects the future 100-TeV collider would be exciting for BSM-searches, 
including the search for a DM candidate [2]. 

7.1. Dark photon, dark gauge boson searches. One believes that the dark sector is com¬ 
plicated and could be charged under a new Abelian group U'(l). A relevant light new mediator, 
the so-called dark photon A' (with mass m^,), connects the dark sector to the SM one. The 
’’dark photon” and ’’dark boson” are typical names of some objects which mediate interaction 
between the dark sector and the visible one. In fact, any experimental evidence in favor of these 
dark forces has today nothing to do with detection of galactic true DM particles. Only further 
model-dependent assumptions can connect these objects with the DM problem. 

Results of the special search for the dark photon A' in decays by the NA48/2 experiment 
at CERN was reported in |213j . One looked for the dark photon via the ’’signal” decay chain 
— 7 > TT^TT*^, -K^ —)> 7 A', and A' —)• e+e on the basis of 5 x 10® fully reconstructed —)• 

TT® —)■ 7 e"’'e“ decays in the kinematic range niee > 10 MeV/c^ with a negligible background 
contamination. No signal was observed, and exclusion limits were set on the dark photon mass 
mA' and the mixing parameter e^, which connects dark and visible photons. See also |214| . 

With the BABAR detector, using 514 fb“^ of data collected, an experimental search for the 
dark photon A' in the reaction e+e“ —)• 7 A', A' —>■ e'^e~,yi^yi~ was carried out |215j . No 
significant deviations from SM were observed and upper limits were established on the dark-to- 
real photon mixing at the level of e ~ 10“^-10“® for 0.02 < < 10.2 GeV/c^. The range 

of the parameter space favored by interpretations of the discrepancy between the calculated 
and measured anomalous magnetic moments of the positive muons {g~2 muon anomaly |216] 1 
was severely constrained. Together with the above-mentioned results from NA48, the BABAR 
results exclude the entire region favored by the dark-photon scenario for the g-2 measurements 

The proposal for searching for a dark photon A' with mass 10-80 MeV/c^ via the decay 
/i'*' —>• e'^i'eUfj, + A' followed by A' —>• e"’'e“ was formulated for the upcoming Mu3e experiment 
at the Paul Scherrer Institute [218] . The primary goal of the experiment is ” traditional” search 
for the very rare lepton number violating and SM-forbidden decay gA —)> e"*'e+e“. With expected 
10^® (5.5 X 10^®) muon decays in 2015-2016 (2018 and beyond), the Mu3e collaboration has a 
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very good opportunity to reduce substantially the currently unexplored dark photon parameter 
space, probing the mixing parameter up to 

In searching for a signal of the dark photons in ATLAS at the LHC tightly collimated groups of 
highly-boosted leptons — lepton-jets — were used |165j . There is essentially no SM background 
for them. These jets were predicted in |219j and were motivated by a DM model which is 
consistent with a possible positron excess in cosmic rays. In the model DM is the SUSY LSP, 
but it can decay into lighter ” hidden valley” particles resulting in the production of dark photons 
which can finally decay into highly-boosted leptons. 

Searches were made for muon jets containing 4 or more muons; pairs of muons jets of 2 or 
more muons; pairs of electron jets of 2 or more electrons. No significant excess of lepton jets 
was observed over the expected SM background. For broad applicability, limits expressed in 
terms of the signal cross section times branching ratio were derived for each pair of the dark 
gauge coupling parameter, an, and m^, |220j . Dissipative hidden sector generic DM model was 
considered in [22111222j . 

Another idea to use the lepton-jets for search for light dark force carriers, Z'-bosons, at 
the LHC was proposed in [223] . The GeV-scale dark gauge boson Z' was discussed |224l I225j 
in the context of some astrophysical anomalies and the S.Gcr deviation from SM in the muon 
g-2 measurement [216j . A scenario, which could be easily probed at the LHC RUN-H, was 
studied where a top quark was assumed to undergo exotic decay to a 6 quark and a charged 
Higgs followed by —)• Z'. The decay products of the dark Z' further form a highly 

collimated lepton-jet. It is believed that the feature could help find the new boson with the ti 
samples. 

A possibility for dark gauge Z' boson search at LHC was discussed in |226| via registration 
of events with the Z' resonance decay into dilepton pairs in association with large This 

search channel is considered as a generic probe of TeV-scale dark models with involvement of 
other dark sector particles. Another example of the dark Z' boson search with a collider was 
considered in |227j . The GeV-scale Z' boson, produced mainly from DM final state radiation, 
decays eventually to hadrons or leptons j228| . which form a unique mono-Z' jet (or dilepton) 
signature. This final state contains significant discovery potential, which has not yet been 
examined in detail by the LHG experiments [228] . 

The famous muon g-2 anomaly [216] still works as the main motivation for the theoretical 
and experimental papers about light dark bosons of MeV-GeV scale which could explain the 
anomaly. As clearly pointed out, for example in [229], the discussions on the subject are not 
necessarily linked to the DM physics. Sometimes there is no such a link at all. Nevertheless, the 
word ’’dark” is widely used, like dark leptonic gauge Z' boson or dark photon A', for the very 
suppressed coupling in contrast to the ’’bright” photon coupling. 

Because of active searches in fixed target experiments and rare meson decays, the popular 
dark photon model is practically excluded as a possible solution of the g-2 problem, unless an 
invisibly-decaying dark photon mode is considered (see review in [229] 1. But a severe drawback 
of the mode is the requirement of very light and low-motivated new DM particles, lighter than 
the MeV-GeV scale of the dark photon itself. 

An alternative model with a dark leptonic gauge Z' boson based on the gauged lepton number 
or U(1 )l symmetry was proposed in [229] . Unlike the dark photon, which couples only to a 
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charged particle, the Z' boson can couple to SM neutrinos and charged leptons with the same 
strength. Furthermore, the Z' boson mainly decays right into the SM neutrinos and avoids the 
severe quarkonium decay constraints [2301 [MU EE] as it does not couple to quarks. 

There are further aspects to verify the U(1)l dark leptonic gauge boson model, which include 
the phenomenology of the exotic leptons required for the gauged U(1)l, especially for the LHC 
experiments and implications for the neutrino physics |229j . 

In fact, the idea of a dark Z'-boson is very popular (see, for example, recent paper [232] ). 

Re-analysis of the data from the electron beam-dump experiment E137, conducted at SLAC 
in 1980-1982, allowed one to obtained new constraints on sub-GeV DM and dark photons |233j . 
It was assumed that the DM candidates can interact with electrons (via a dark photon). Hence, 
DM can be produced in the electron-nucleus collisions and can be scattered off electrons in the 
E137 detector. The expected result could be striking: zero-background signature of a high-energy 
electromagnetic shower that points back to the beam dump. From non-observation of the signal 
the E137-result has constrained the possibility that invisibly decaying dark photons can explain 
the 3.6 (t discrepancy between the measured and the SM value of the muon anomalous magnetic 
moment [216j . The E137 data also have convincingly demonstrated that (cosmic) backgrounds 
can be controlled and could serve as a powerful proof-of-principle for future beam-dump searches 
for sub-GeV dark matter scattering off electrons in the detector [233] . 

A search for a new electrophobic sub-GeV dark boson with a missing-beam-energy method 
was proposed in |234j . The idea of the search relies on two main assumptions. First, the Z' 
boson can be produced by /r-beam scattering on nuclei A via the reaction /i-|-A—)• + A + Z'. 

Second, one can ’’observe” Z' by looking for some excess of events with the large missing //- 
beam energy in a detector. The missing of the /r-beam energy is expected to be due to the decay 
Z' —)• uu. The authors of [2331 believe that the very specific signature and high quality of the 
muon beams at CERN SPS allows one to reach a sensitivity in coupling constant a^, which is 
three orders of magnitude higher than the value required to explain the g-2 anomaly. This looks 
very promising indeed if a good enough, better sub-MeV-scale, missing beam energy resolution 
will be achieved experimentally, and one is able to prove independently that the Z' boson was 
indeed produced before it decayed invisibly. 

Preliminary estimates of the expected light hidden photon signal rate were presented in |235| 
with respect of the recently proposed fixed target SHiP experiment [236j exploiting the CERN 
SPS beam of 400 GeV protons. 

An extended program of different ways for the dark photon search (including invisible Higgs 
boson decays, etc.) with future hadron colliders was considered in [237] . 

Similar missing energy-momentum approach was described in |238j . as authors claimed, for 
detection of DM and other invisible particles with mass below 1 GeV /cP in fixed-target accel¬ 
erator experiments. The main idea is to exploit missing energy-momentum measurements and 
other kinematic features of fixed-target particle production. Several new beam-dump exper¬ 
iments are already aimed to produce light DM candidates and ’’observe” their scattering in 
downstream detectors [23m[23ni[23Tl[2331[232] . A typical setup is given in Fig. One believes 
that this technique, with Emissing = — e[ ~ Eb, allows one to discover this kind of events, 

which under severe assumptions (see sections and can be interpreted as observation of light 
DM candidates. Furthermore, the method relies on a very small re-scattering probability and it 
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Figure 50. Scheme of the fixed-target dark photon search experiment. A single beam 
electron first passes through an up-stream tagger to fix its energy. Then it enters the 
target/calorimeter and emits an A', which decays somewhere invisibly into a dark pair 
XX s-nd carries away most of the beam energy. In the final state one has only the electron 
with very small energy £[ Eb- From |2d8] . 

seems challenging to reach relevant sensitivity. The sensitivity requires identification of ” the DM 
production events” solely by their kinematics, which in fixed-target electron-nuclear collisions is 
believed to be quite distinctive |243j . 

Under the assumption that the above-mentioned events are due to an invisibly decaying 
MeV-GeV-scale dark photon A', this approach can improve present constraints by 2-6 orders of 
magnitude over the entire m^/ range, and sensitivity as low as 10 can be reached [238]. 

The belief in a powerful potential of electron-beam fixed-target experiments for discovery of 
DM and other new WIMPs in the MeV-GeV mass range [23911240112411123311242j is realized 
in a new proposal for a Pilot Dark Matter Search at Jefferson Laboratory |244j . The physics 
potential of such an experiment was discussed and highlights of its unique sensitivity to inelastic 
’’exciting” DM and leptophilic DM scenarios were stressed. The first of these seems kinematically 
inaccessible in traditional direct detection experiments. 

The main principles of production and detection of these particles are depicted in Fig. 

The first stage of this program can be realized at Jefferson Laboratory using the existing plastic- 
scintillator detector downstream of the Hall D electron beam dump. 

Letter of Intent for Beam-Dump experiment (BDX) at Jefferson Laboratory |242j is a concrete 
realization of the DM program. The BDX will look for the MeV-GeV WIMP DM candidates 
with a 1 m^ segmented plastic scintillator detector placed downstream of the beam-dump at one 
of the high intensity JLab experimental Halls. Up to 10^^ electrons-on-target were expected in 
a one-year period. The BDX will be sensitive to WIMP-nucleon elastic scattering at the level of 
a 1000 counts/year, with very low threshold recoil energies (~ 1 MeV). Expected sensitivity to 
WIMP-electron elastic scattering and/or inelastic WIMP would be below 10 counts/year after 
severely reduced backgrounds. 

An existing 0.036 m^ detector prototype based on the same technology will be used to validate 
simulations with background rate estimates, driving the necessary R&D towards an optimized 
detector. A fully realized experiment would be sensitive to large regions of DM parameter 
space, exceeding the discovery potential of existing and planned experiments by two orders of 
magnitude in the MeV-GeV DM mass range |242| . 

Some comments about this typical proposal are in order. First, its goal is unusual events 
with large undetected energy (momentum) comparable to the initial electron beam energy. To 
see the events, one needs very good sensitivity and very strong background reduction. The 
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Figure 51. a) Fermionic DM pair production via issuing A! boson during electron- 
nucleus collisions. In the generic scenario with Dirac and Majorana masses for dark 
sector fermions, the A! mediator couples off-diagonally to the mass eigenstates x 
Ip. b) Detector scattering via A exchange inside the detector. If the mass splitting 
between dark sector states is negligible, both the incoming and outgoing DM states in 
the scattering process are invisible and can be treated as the same particle. For order 
one (or larger) mass splittings, % can upscatter into the excited state ip, which promptly 
decays inside the detector via ip -A x e“'"e“. This process yields a target (nucleus, nucleon, 
or electron) recoil Ej^ and two charged tracks, which is a distinctive, low background 
signature, so nuclear recoil cuts need not be limiting. Processes analogous to both a) 
and b) can also exist if DM is a scalar. From |244) . 

most probable result of the search will be non-observation of any of the events. The next point 
is interpretation of the results. It is no way to prove that the A' boson was indeed produced 
before it decayed invisibly. Here one must make a strong assumption on the subject. In fact, 
the assumption concerns right the point one should prove experimentally. Of course, some limit 
can be set from almost any measurement for almost any measurable value, if one clearly writes 
down all assumptions. The main question is their adequateness and correctness. 

Finally, such an experiment is much farther from the solution of the DM problem if compared 
with the LHC DM search program. With the LHC one tries to see a real DM candidate, but 
here one can see a particle that only can be or cannot be a DM-SM messenger, nor ever a DM 
candidate, to say nothing about the true DM galactic feature, like the annual signal modulation. 
Much more model dependence is needed to connect this search with the DM problem. 

Another step of the DM program at Jefferson Laboratory is DarkLight experiment |245j 
aimed at a precision search for New Physics at low energies. The famous dark photon with 
niA' = 10 -b 100 MeV/c^ was the main motivation. The DarkLight will precisely study the 
ep ep + e'^e~ reaction via detection of the final state scattered electron, recoiled proton, and 
e'*“e“ pair. The signal would be the reaction ep —> ep + A followed by A -x e^e~. To this 
end a windowless gas target of molecular hydrogen will be irradiated by the 100 MeV electron 
beam of intensity 5 mA. Phase-I of the experiment was funded and one expects to take data 
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soon. Complete phase-II is under final design and could run within two years after phase-I is 
completed. The DarkLight experiment to be decisive requires development of a new technology 
for beam, target, and detector. 

Contrary to the experiment aimed at the invisible dark photon decay, search of the dark 
photon decay into a well measurable e'’'e“-pair looks much more promising and better motivated. 

A proposal to obtain valuable constraints on the dark photon A' as a true DM candidate 
from results of traditional direct DM search experiments was given in |246j . The absence of an 
ionization signal in Xe direct detection experiments was used to place a very strong constraint 
on the dark photon mixing angle, down to 0(10“^®), under the assumptions that the dark pho¬ 
tons are long-lived vector states with 0.01-100 keV/c^ masses and they comprise the dominant 
fraction of DM in the Universe. 

Here A' photon plays the role of the super-weakly-interacting DM and has certain advantages 
over axion-like-particle DM with respect to direct detection [246] . 

7.2. Exotic DM search with colliders. The observation of the SUSY or any new BSM model 
and determination of the DM properties will require establishing the predicted particle spectrum 
|247j . One can mention several ways of investigating the DM problem at the LHC, additional 
to the traditional E™®®-method. For example, one can study cascade decays of colored (SUSY) 
particles, vector-boson-fusion productions of non-colored (SUSY) particles, mono-jet and direct 
stop production searches |247j . 

One believes that some fraction of possible DM candidates can couple only to leptons (lep- 
tophilic DM [248ll24lJ] 'l and therefore were very weakly constrained from the LHC and direct DM 
detection searches. In such models the interaction is described by effective four-lepton contact 
operators, which can be probed in e"’'e“-collisions. 

The precise data from LEP was used in [250) to derive limits on this leptophilic DM in a 
model-independent EFT framework. The bounds turn out to be very competitive with exclusion 
curves obtained from LHC data from mono-photon events with large Furthermore, the 

future ILC (International Linear Collider) data allow one to set the strongest limits on TeV-scale 
leptophilic DM candidates [250]. 

The potential of the ILC for the solution of the DM problem was studied in [25I| . Within 
the EFT approach the reach of the ILC was compared with that of other searches. Low mass 
WIMPs are as usual a key feature for a collider search including the ILC. If it happens that the 
WIMP can only couple to leptons or only spin-dependently, the ILC could be especially useful 
to study and constrain such a set of models. 

The next opportunity for a future e"’“e“ collider to help with solution of the DM problem was 
considered in |252j and was motivated by an excess of energetic photons observed in the center of 
our Galaxy with the Fermi-LAT satellite |253l 1254] . It was shown that if the DM candidates are 
assumed to be the (Majorana or Dirac) fermions y and couple to a Z' boson, one could observe 
a remarkable DM-related signal at a TeV e'’'e“ collider via the process e^e“ —)■ xx+photon. 
This result relied on the ability to use highly polarized beams to eliminate the background 
ee —7- i?i ?7 process due to W exchange. It also requires an optimized setup to fully eliminate the 
contamination from ee —>■ eeq. Finally, prospects for the DM search at the e'’'e“ colliders were 
presented. 
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The overall conclusion of |252j was that a BSM mediator, for instance a Z' or extra Higgs 
bosons, is needed to interpret the Fermi-LAT DM evidence. If true, these interpretations predict 
scenarios which could already be tested at the LHC while a TeV e"*“e“-collider should provide 
an essential tool for a precise measurement of the parameters of the BSM resonances. 

An e^e“ collider was also proposed to look for production of a Higgs boson recoiling from a 
massless invisible system j255| . One believes this can be a quite distinctive signature of the Higgs 
boson creation in association with a massless dark photon e'’'e“ -A- H + A'. Dark photons can 
acquire effective couplings to the Higgs boson via loop diagrams. The signal and corresponding 
backgrounds for H ^ bb were analysed, and the ILC |256j and FCC-ee |257j sensitivities were 
estimated in a model-independent way |255| . 

’’Untraditional” usage of the positron beam of the DA<I>NE linac at the Laboratori Nazionali 
di Frascati was proposed |258j for dark photon search in Positron Annihilation into Dark Matter 
Experiment. The PADME experiment will search for the dark photon A' in the e^e“ —>• 7A' 
process in a positron-on-target experiment conhguration. After one year a sensitivity in the 
relative interaction strength down to 10“® is achievable, in the mass region from 2.5 < 
ruA' < 22.5 MeV/c^. 

The DA<I>NE collider with the detector KLOE was also used to search for the so-called Higgs- 
strahlung process e'’'e“ A' + h', where A' is the dark photon, and h' is the dark Higgs boson, 
which decays invisibly. No evidence for the signal was observed and, in particular, upper limits 
on the kinetic mixing parameter e in the range 10“^ -7 10“^ were established |259[ [260]. 

Assuming prompt decays of the dark photon A' and the dark Higgs boson h', the Belle 
collaboration also performed [261] a search for their production in the Higgs-strahlung channel, 
e'’“e“ —>■ A'h', with h' —)• A'A'. Analysis of the full set of 977 fb“^ Belle data gave no significant 
signal evidence. The 90% CL upper limits were obtained on the branching fraction times the 
Born cross section, BRx cJBorn) on the Born cross section, <TBom) and on the dark photon coupling 
to the dark Higgs boson times the kinetic mixing between the SM photon and the dark photon, 
an X e^. These limits improve upon and cover wider mass ranges than previous experiments. 
Eor an = 1/137, ruh' < 8 GeV/c^, and ruA' < 1 GeV/c^ Belle excluded values of the mixing 
parameter e above 8 x 10’ -4 [261]. 

Further discussions of exotic DM search program with e^e“ colliders can be found in, for 
example, [26211263] . 


For a collider experiment a well-known challenge is to determine the mass of an undetected 
particle due to the under-constrained kinematics with two missing particles in an event. It 
is especially difficult at hadron colliders because of the further unknown kinematics of initial 
partons. There are many attempts to determine the missing particle mass at the LHG, such 
as endpoint methods (see for example [26411265L1266] 1. polynomial methods (see for example 
|267l I268L1269] ), Mt 2 methods (see for example [2701127111272L1273] ), and the matrix element 
method (see for example |274[ 1275] ). 

In view of the scientific program of the future high energy lepton collider, in particular future 
DM search, the problem of how to determine the mass of undetected DM candidates through 
the so-called antler topology process given in Fig. 52 was specially studied in |20] . The antler 
decay diagram |276] was used for investigation of a resonant decay of a heavy particle D into 
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Figure 52. The antler decay diagram of a heavy particle D into two visible particles 
oi and 02 and two invisible particles Xi and X 2 through on-shell intermediate particles 
Bi and B 2 . From [20| . 

two intermediate particles {Bi and B 2 ), followed by each Sj’s decay into a missing particle Xi 
and a visible particle Oj. It was found that the resonant decay through this diagram develops 
cusps in some kinematic distributions and the cusp positions along with the endpoint positions 
can determine both the missing particle mass mx and the intermediate particle mass ms- 

A lepton collider has an advantage due to the well-defined initial state with fixed center-mass 
energy and center-mass frame, which allows one to study many new physics processes by means 
of the above-mentioned antler topology e+e" —)• B 1 B 2 —>■ Xiai +X 2 a 2 - It was found in [20] that 
the cusp method appeared to be more stable than the commonly considered energy endpoints 
against realistic factors (initial state radiation, acceptance cuts, detector resolution) and is very 
efficient for measuring the missing particle mass. 

Considering as an example the pair production of scalar muons (smuons) as the MSSM process 
that satisfies the antler topology, it was shown that at the 500 GeV ILC mass determination 
with precision of 0.5 GeV/c^ can be achieved for smuons with a leptonic final state. 

This method can be useful for determination of mass spectrum of any BSM model. As an 
expected by-product of the procedure one can obtain very useful indication of masses of the 
invisible DM candidates. Nevertheless the proof of true DM nature of the candidates still 
remains inevitable. 

There is a proposal to study mono-jet and signature from yp collisions at the LHC in 

context of the DM problem [277] . In fact, photoproduction of jet-bill™® final states was simu¬ 
lated in a model independent EFT framework assuming a typical LHC forward detector. Rather 
good prospects for constraining the couplings of the quarks to the WIMP DM candidates were 
obtained on the basis of the main reaction pp —?■ p'jp —)■ pxx-bjet for an integrated luminosity 
of 200 fb“^ as a function of the forward detector acceptance. 

A very light dark photon from the hidden sector could couple to SM particles and could give 
a signal via ue-scattering experiments if the dark photon is the gauge field of a U(l) group. 
This will allow a direct coupling with neutrinos. The new interactions due to existence of the 
A' boson whose couplings do not contain derivatives lead to the differential cross section being 
proportional to l/T^, which makes low energy i?-experiments sensitive to the A' boson search in 
the low mass region. Hence low energy neutrino experiments aimed to measure neutrino-nucleus 
coherent scattering as well as neutrino magnetic moment has an advantage in searching for the 
A' boson, with mass located much below the electroweak scale. For the higher mass region of 
A' boson, neutrino experiments with higher incident energy have better sensitivity |278j . 
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It is perhaps not meaningless to recall a ’’crazy” idea about usage of a very intensive beam 
of accelerated particles or ions with large enough energy for cold DM particle search |279[ 1280) . 
The detection strategy was in some sense reversed to the traditional direct DM method. The 
non-relativistic and practically motionless galactic cold DM particles were considered as a target 
permanently distributed in space around a collider. During all working time of the collider this 
target is irradiated by an intensive beam of relativistic particles. One should only wait for 
a moment when a beam particle suddenly knocks one of the DM particles, producing a very 
unusual event with matter and energy release from ” an empty place”. 

Unfortunately, numerical estimations showed that one should wait almost as long as man’s 
life (due to very low local relic density). Nevertheless, future very intensive beams from CERN’s 
100-TeV Hadron Collider |281j . International Facility for Antiproton and Ion Research (FAIR) 
[282], or Nuclotron based Ion Collider fAcility (NICA) [283] could perhaps bring some sense to 
the idea. 


7.3. Exotic DM search with accelerators. Search for accelerator-produced light WIMP 
DM candidates was carried out with MiniBooNE |284j using 1.86 x 10^*^ protons with 8.9 GeV/c 
momentum, directed to a steel beam-dump 50 m down-stream. 

As already mentioned, due to nuclear recoil measurements, current direct DM detection ex¬ 
periments have rather low sensitivity to WIMP masses below about 1 GeV/c^. Despite the 
mandatory improvement of the direct detection sensitivity, it seems reasonable to use an ac¬ 
celerator for production of a ’’beam” of relativistic (boosted) low-mass WIMP DM candidates, 
which further can be detected with a proper neutrino detector, due to the similarity of the 
WIMP- and i/-interaction signatures in the detector (weak neutral current events). Running 
MiniBooNE in the beam-dump mode reduced the neutrino background by having the beam hit 
a steel beam-dump instead of hitting the Be target. 

The MiniBooNE experiment, located at FNAL on the Booster Neutrino Beamline, has already 
accumulated the largest collection of u and u samples. Being well understood, the setup is well 
suited for detection of events which could be generated by interaction of accelerator-produced 
relativistic low-mass WIMPs. Preliminary analysis did not show signal events. Final results are 
expected at the end of 2015. 

Nevertheless, one should keep in mind that in this case the accelerator produced WIMPs 
should have lifetime cr ~ 0.49 km to reach unchanged the detector from the collider. 

Another idea to look for high energy scattering of ’’dark Dirac fermions” from nuclei was 
considered in |285j . One assumes that when the DM candidate particle x is light enough to 
escape the traditional direct detection, a promising way to look for the x is a fixed target 
experiment [28611287] . where x’s can be pair (hadro)produced by an s-channel exchange of a 
light vector boson. 

Being sufficiently weakly interacting the x paricle can pass through shielding (that screens 
out strongly interacting products) and can be detected in a neutrino-like detector by means 
of interaction similar to neutrino neutral current scattering. The advantage of a fixed target 
experiment over a colliding one is the much higher luminosity, which becomes decisive when one 
searches for extremely rare events. 
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This idea was tested with the Fermilab experiment E613 data, and limits on a ’’secluded” 
(mediator is lighter than x) DM scenario [28611288] was obtained. 

A recent review, concerning new limits on light hidden sectors from hxed-target experiments 
can be found in |289j . 

The idea to use a fixed-target neutrino experiment technique for the laboratory search for 
light weakly interacting dark sectors was further discussed in [290] . It was shown that the 
DAEdALUS source setup — an 800 MeV proton beam impinging on a target of graphite and 
copper — can improve the present bound on the dark photon A' (produced here mainly from 
TT^ decays) by an order of magnitude over much of the accessible parameter space for light DM 
X (produced via A' —)• xx) when paired with a suitable neutrino detector such as LENA |291| 
(signal process for detection is xe~ —)> xe~) • 

It was shown in [290] that DAEdALUS was sensitive to DM particles produced from off- 
shell dark photons and that fixed-target experiments had sensitivity to a much larger range of 
heavy dark photon masses than previously thought. The mechanism for the DM production 
and detection through a dark photon mediator was reviewed together with the discussion of the 
beam-off and beam-on backgrounds, and present the sensitivity to dark photon kinetic mixing 
for the DAEdALUS/LENA setup in both the on- and off-shell regimes. 

It appears that intensity frontier experiments like DAEdALUS in conjunction with a large 
underground neutrino detector such as LENA will have unprecedented sensitivity to light (sub-50 
MeV) DM X, light (sub-400 MeV) dark photons A', and other light weakly interacting particles. 

One agrees with the statement from [290] that both neutrino and accelerator fixed-target 
DM search experiments share essentially the same signals and backgrounds (though often well- 
separated kinematically), and this fact suggests exciting opportunities for symbiosis between 
BSM and neutrino physics in the coming years. 

Another possibility of using a large volume neutrino detector for detection of relativistic DM 
particle candidates was discussed in [292], where the Sun was assumed to be a source of these 
boosted DM particles |293j . Their arrival direction from the Sun can be used as a important 
signature. To arrange the energetic DM fraction, one proposed a scenario where thermal DM 
can be efficiently captured in the Sun and can annihilate into another sort of DM, right the 
boosted one. At least in models with a multi-component (or non-minimal) structure of DM 
sector (for example |59j 1. annihilations of viable thermal relic DM with masses 1-100 GeV/c^ 
can produce other stable DM particles with moderate Lorentz boosts. 

The detection of this relativistic DM-like particle is expected to be due to its interaction 
with a target proton (or nucleus) in some (very) large volume terrestrial detector, resulting 
in an energetic proton recoil track pointing towards the Sun. Cherenkov-radiation-based de¬ 
tectors Super-Kamiokande |294| and Hyper-Kamiokande |295j were considered as examples for 
sensitivity study. 

In particular, one found that by means of spin-dependent interaction the considered boosted 
DM candidates could produce detectable signals with sensitivity comparable to DM direct detec¬ 
tion experiments. Euture large-volume liquid Argon neutrino detector |296j based on ionization 
signals or neutrino telescopes |297l 1298112991 [3T] may significantly extend the sensitivity. 

Concluding this point, one agrees with |292j that the possibility of detecting some energetic 
fraction of unknown weakly interacting particles, which have a habit to arrive on the Earth from 
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the Sun can be very crucial for understanding the DM sector structure. The very idea to use 
large-volume neutrino (or proton-decay) detectors for investigation of the DM problem looks 
particularly intriguing. 

7.4. Other exotic DM searches. Constraints on dark forces from the electron-positron collid¬ 
ers (B factories), fixed-target experiments and flavor-physics measurements at hadron colliders 
were discussed in [HUO] . The basic models where DM sector interacts with SM particles via 
mediation of new dark vector and scalar bosons with masses in the MeV-to-GeV range are 
reviewed. The typical processes are given in Fig. Recently dedicated searches for these 
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Figure 53. Production of (a) dark photon in e+e“-collisions, (b) dark Higgs (p in Y(bb)- 
decay, and (c) dark Higgs in penguin B decay. The dark photon A' or dark Higgs (dashed 
line) is shown decaying into a pair of SM fermions // or invisible dark-sector fermions 
XX- From |300j . 


low-mass bosons have been conducted, and rather tight limits on the parameter spaces of the 
relevant new-physics models have been established. Constraints from current measurements rule 
out significant regions of model-parameter space. Higher sensitivities will be achieved by the 
next generation of B-factory and fixed-target experiments, as well as by RUN II of the LHC. 

One believes that these vector and scalar dark bosons couple to stable DM particles, and all 
together constitute the so-called dark sector. 

Invisible decays of heavy quarkonium states can be considered as another source of comple¬ 
mentary information for constraining properties of possible light DM candidates. Contrary to 
the invisible decays of the not-yet-observed dark photon Al or dark gauge boson Z', invisible 
decays of such well-observed objects like T(nS) looks much more reasonable and reliable. Fur¬ 
thermore, one believes that in contrast to DM-mono-jet searches at high energy colliders, B- 
and charm factories are more suitable for light DM candidate search with a lower mass mediator 

Using data from high intensity electron-positron colliders and assuming that the light DM 
candidate couples universally to all quarks, new constraints on the properties of the light DM 
candidates were obtained from the analysis of invisible quarkonium decays in |212j . The analysis 
was based on the results of the searches for T(1S) invisible decays performed by Belle |301j and 
BaBar |3n2j operating at the energy of T(3S) resonance. The transition T(3S)—)• 7r+7r“T(lS) 
was used to detect invisible T(1S) decays and to reconstruct the presence of the T(1S) from 
the T(1S) peak in the recoil mass distribution, Mrec, by tagging tt+tt” pairs with kinematics 
M^gc = s + where A4,r is the invariant mass of the pion system, E*^ is the 

energy of the pion system in the center-of-mass frame of the T(3S), and ^/s = 10.3552 GeV is 
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the T(3S) resonance energy. This tagging allowed one to make sure of the existence of the T(1S) 
particle (as an initial state for the invisible decay T(1S)— xx)- Similar searches for invisible 
decays of J/T were based on the transition T(2S)—)• tt+tt” J/'k. 

The experimental limits (90% CL) on the branching ratios for the invisible decays are BR(T(1S) 
invisible) < 3.0 x 10“^ from the BaBar collaboration |302j and BR(J/'k —)> invisible) < 7.2 x 10“^ 
from the BES collaboration [303]. The SM contribution to these invisible decay modes were 
found to be negligible [304] : BR(T(1S)—)• i^u) = 9.85 x 10“® and BR(J/'k —)• i^i') = 2.70 x 10“®. 

In the framework of a low-energy EFT for each of the contact operators (Table relevant 
to the invisible T(1S)—?• xX decay exclusion limits for the spin-independent and spin-dependent 


X-proton cross section were calculated [212| and presented in Fig. 54 



Figure 54. Bounds on the x-proton spin-independent (left panel) and spin-dependent 
(right panel) scattering cross section as a function of mass m^. The x couples uni¬ 
versally to quarks through the indicated effective contact operator. The labeled exclu¬ 
sion curves indicate 90% CL bounds from limits on invisible decays of T(1S), 95% CL 
bounds from Fermi-LAT constraints on DM annihilation in dwarf spheroidal galaxies, 
and 90% CL bounds from mono-jet searches (CMS |195L 1167] and ATLAS |151j L The 
DAMA/LIBRA [305], CRESST II (95% CL) [79], CoGeNT [Tl9], CDMS II (Silicon) [8l], 
SuperCDMS [82], LUX [73], SIMPLE [9l], PICASSO [87], and COUPP [l73] 90% CL 
signal regions are also shown. From [212) . 


One can see that the invisible-T(lS) bounds are sensitive to a low x-^ass range significantly 
below the thresholds of current direct DM detection experiments and complement bounds ob¬ 
tained from 7 -ray searches of dwarf spheroidal galaxies and from mono-X searches at hadron 
colliders. Unfortunately, a question of applicability of a very low mass region for true DM 
candidates is still open. 

It is worth noting that since the T(nS) states are non-relativistic, their invisible decays can be 
sensitive to the DM candidate interaction with non-relativistic quarks. These searches have the 
same footing as the direct DM searches, contrary to the LHC searches with highly relativistic 
quarks and gluons. 
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Ignoring of DAM A/LIBRA results forces one to look for any theoretical explanation of signal 
absence in other direct DM experiments, provided pure experimental explanations of the absence 
are also ignored. On the way a lot of different DM models appear. For example, such a model 
was considered in |306j . where a DM candidate with a mass in 0.1 - 1 TeV/c^ interval was 
coupled to the SM particles via only one vector boson. The key assumption of this exotic model 
is that the DM candidate mass is taken to be around 1/2 of the mediator mass. Therefore one 
has a resonant enhancement of the DM-SM interaction and should strongly reduce the couplings 
to have the correct relic abundance. The main by-product of this procedure is a very low cross 
section and a zero result of direct detection. Prospects for verification of the model with the 
LHC, CTA 13071125] and AMS |3n8j observations of the Galactic center were also discussed [306]. 

Another exotic simplified model of fermionic DM was considered in |309) . The DM couples 
exclusively to the right-handed top quark via a renormalizable interaction with a color-charged 
scalar. The relic abundance of this DM was computed and constraints were placed on the 
model parameter space followed by the discussion of prospect for direct detection. Furthermore, 
detailed analysis for the production of the DM candidates at the LHC was performed. Several 
kinematic variables were proposed that allow extraction of a clean signal and reduction of the 
parameter space of this model during the LHC RUN H. The possibility of detecting this type 
of DM via its annihilations into 7 -rays was also studied. Another idea to use the top quark for 
DM search with a collider was also considered in |3ir)| . 

One must say a word about an axion, which was proposed to explain an anomaly in quantum 
chromodynamics [31 Ij . The electromagnetic signatures of axions have long been sought in the 
laboratory experiments without any success. String theory suggests an ultralight axion that 
would be so-called ’’warm” DM. The mixture of cold and warm DM components (including 
neutrinos) might resolve some tensions of pure cold DM scenarios. For example, it could explain 
why there are fewer dwarf galaxies than cold DM predicts |2|. 

There are exotic proposals to search for different DM candidates through oscillations in the 
fine-structure constant using atomic spectroscopy |312j . atoms clocks |313j . and laser and maser 
interferometry |314j . Search for composite Dark Atoms is discussed in [31511316113171 [3T8] . 

Finally, there is a common belief |2| that a much broader categories of DM particles (sub¬ 
stances) should be sought. For example, one can give up DM neutrality and allow DM to carry 
a small electric charge or possess some internal states like electron levels of an atom. Preci¬ 
sion helioseismology could detect small changes in the solar surface oscillations due to clouds 
of ” millicharged” DM particles scattering off electrons in the solar plasma. More spherical DM 
haloes of distant galaxies could be measured by means of gravitational lensing, provided the DM 
particles can interact electromagnetically, and so on. 

Concluding this section about exotic DM search programs, one should first stress that nowa¬ 
days it is a very hard job to make an attempt to produce a complete review on the subject. 
Almost every day a paper with a new DM model can be found in arXiv. An obviously incomplete 
list of recent eprint papers includes [Tml M [370 M132^ [32711^1 

Furthermore, strictly speaking, very few of the models and/or searches discussed (and not 
yet) in the section have something real to do with practical detection of true DM particles, 
constituting the galactic DM halo of our Galaxy. 
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8. Discussion 

8.1. Effective Field Theory and a bit beyond. The scale of validity of the EFT, in partic¬ 
ular the kinematic region where the EFT approach for collider WIMP pair production breaks 
down, has been discussed from the very beginning |144l 13301114511331LI332LI333L114611334113351 
\Tm [3361 [33Z1 [3381 |339l EZl [2071 EIIl EMI EUl EMI EMI EH- One of the recent discussion 
of the problem can be found in the Appendix of |153| where the region of validity of the EFT 
approach was studied under various assumptions about the underlying new physics. 

Very sophisticated attempts to remedy the core of the ’’model-independent” conception of 
the EFT with help of a set of ’’simplihed models” can be found, for example, in [3311 13451 
M 13771 [T821 M M [3501 ESH ESa [3531 EMI ESS EMI ESS] . It is difficult to add something 
quantitatively new into both of these considerations. 

Nevertheless some general comments concerning this situation are in order. 

— Indeed, due to complexity of the DM problem one has to incorporate as much as possible 
useful information, which could help one to solve the problem. On the way the complementarity 
of all experimental searches for the DM (discussed in section looks inevitable. To arrange 
quantitatively this complementarity one needs an approach which could describe all relevant 
observables with a common set of parameters. Only in this case constraints from one experiment 
can be connected with and/or applied to results of another one. 

— There is a common belief (or prejudice) that such an approach must be as much model- 
independent as possible. To fulfill this requirement the EFT was proposed and well developed 
HMj, where a set of Lorentz-invariant 4-point effective operators was collected for description 
of all possible (and, perhaps, not-possible) DM-vs-SM couplings. For example, in SUSY models 
the tensor operators look very unusual, or irrelevant at all. 

The complementarity goal was reached using the same operators in s-, t-, u-channels (as 
in Fig. section]^. It was believed that the EFT had the undeniable advantage of being 
independent of the plethora of models of DM [148] . Therefore one got a possibility of putting 
the WIMP constraints from the LHC on the same ground (in the same plot) with the exclusion 
curves from the direct and indirect DM search experiments. Nevertheless, it is still unclear 
how this model-independent comparison and/or competition could help one to solve the DM 
problem. 

Furthermore, in the case of success (an observation of a DM candidate with some/all tech¬ 
niques) one must incorporate observed properties of the DM candidate into a well-developed 
modern (or very new) theory beyond SM. The above-mentioned model-independent results, if 
being appropriate, should be inevitably incorporated into the new model and therefore get clear 
model dependence. 

— If one forgets about inner problems of the EFT, some non-comfortability concerning model- 
independence of the approach still survives. Indeed, one has 24 different operators (Table 
with 24 different M* scale parameters which appeared to depend rather differently on the mass 
of the DM candidate Furthermore, these operators are not connected with each other and 
are used ” one-in-time” — one does not know their interconnection coefficients. Do they interfere 
constructively or destructively? 

This situation does not look better than, for example, in the MSSM, where one has few 
free parameters for complete numerical descriptions of all above-mentioned observables. The 
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parameter manyfold (arbitrariness) of the MSSM is unconsciously substituted by the functional 
manyfold (arbitrariness) of the EFT in selection of a relevant number of the effective operators. 

With 24 above-mentioned M^—m^ dependences situation looks worse. A rhetorical question 
could arise — why did not the LHC people include all 24 operators in their analysis? Maybe the 
people suspected intuitively something wrong with them? 

— Too many assumptions of the EFT approach were discussed (in previous sections). In 
particular, the key assumption concerning the only one SM-DM operator looks far from being 
reasonable. This is not necessarily the case for the electroweak interaction which has a V-A 
structure |Ti9] . Furthermore, it is very crucial that there are invisible decays of the next-to- 
lightest (or next-to-next-to-LSP) SUSY particle (sneutrino —)• y -|- z^) in many promising SUSY 
models. 

— It was already many times stressed that validity of the EFT results depends on the momen¬ 

tum transfer (through quarks), Q, which should be below the energy scale of the underlying in¬ 
teractions Q < my [148| . With ultraviolet completion M* = my / y/gqQx and perturbative regime 
of the couplings one can obtain, for example, the validity requirements Qdi < dvr (M^/m^) , 

Qdq < dvrM*, Qci < 4:TTM^/mq |183| . These Q-limits are very different and strongly depend on 
the type of operator (Dl, D9, or Cl) and on the details of the relevant parton energy and its 
distribution. 

— Furthermore, one can recall m that the rather small expected WIMP-signal rate implies 
that the scales M* are often smaller than the typical energy of the parton collisions (\/s). As 
a result, the interpretation of LHC data in terms of effective operators can lead to erroneous 
conclusions. It can overestimate the WIMP signal because of enhancements proportional to 
y/s/M^. Or it can underestimate the signal when the mediator can be produced directly and 
can give a much better collider signal than the ’’model-independent” WIMP production. The 
EFT leads to LHC bounds that seem very competitive, but are often only illusory im]. 

— Authors of |144j wrote ”A direct detection discovery that is in apparent conflict with mono¬ 
jet limits will thus point to a new light state coupling the standard model to the dark sector. ” 
Next, almost the same is found in |I45j : If a direct DM search experiment were to observe a 
positive signal, the collider constraints would immediately imply a break down of the effective 
field theory at collider energies, revealing the existence of a light mediator particle. From these 
statements one can conclude that the collider constraints are useless or ever irrelevant for the 
direct DM search experiments. They help nothing. They are unable to give advice where one 
should better look for a DM signal. 

— The simplified models are an extra proof of the inconsistence of the EFT. A typical example 
of development in this direction is a special White Paper |354j , where one discussed a proposal 
for the consistent interpretation of DM searches at colliders and in direct detection experiments 
based on the Minimal Simplified Dark Matter (MSDM) model |355) . Nevertheless, the MSDM 
also has a lot of variants and has the same level of eclecticism as the EFT. It represents only a 
potential starting point for going beyond the EFT, further additions to the MSDM model, as 
well as the consideration of alternative approaches, will be required to develop a general strategy 
for comparing collider and direct DM experiments in the future. 
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Next, even these simplified models can be overly simple from the point of view of the true DM 
physics. Various WIMP-SM interactions are very commonly dictated by interactions with non- 
hadronic particles. For example, a SUSY neutralino with the correct relic density generically 
annihilates preferentially into weak vector bosons, but scatters in direct detection primarily 
through the Higgs boson. All of the approaches above, even if extended to consider interactions 
with either gauge or Higgs bosons, implicitly assume that for all relevant processes the WIMP 
interacts dominantly with the same SM field. Ultimately, when a complete model is under 
consideration, fully focused theoretical vision is the best [23] . 

Concluding this subsection one can point out that using the model-independent EFT approach 
for interpretation of the LHC DM search results permanently requires bothering whether it is 
still valid or already not. To some extent the point is still true for the simplified models. 

The is the only measured quantity directly connected with invisible particles. Without 

further model-dependent assumptions it is impossible to make any statement about the nature 
of the missing particles [357] . 

Perhaps, it would be clever to go back to the well-defined (but still too complicated) SUSY 
framework. In this case one can severely constrain parameter space not of some set of ad 
hoc effective operators but of one of very promising SUSY models (MSSM, mSUGRA, etc). 
Experimental rejection, for example, of the MSSM could be a very important result. 

This is the first hint to go back to the SUSY. 

8.2. It is not possible to find the DM particle with the LHC or any other accel¬ 
erator. An observation of BSM-excess with the collider E™®®-signature is very welcome and 
very important. Nevertheless, one is unable to ’’directly” discover true DM particles with LHC 
simply because DM candidates fly away from a detector without any kind of interaction. One 
can judge them only ’’inderectly” by the missing mass, missing energy and/or missing momen¬ 
tum in an event. If one would be able to simultaneously measure missing energy and missing 
3-momentum, one would be able to reconstruct the mass of the DM candidate. But even in this 
case there is no guarantee that this ’’indirectly detected” particle is the true DM particle — the 
stable relic particle with clear galactic properties (section]^. 

One can stress again that an observation of a DM-like signal (via a collider E^^^-signature) 
only proves the production of particle(s) with lifetime > I jc, where I is the scale of a typical 
detector. The particles can be the true DM particles only if one can justify an extrapolation 
from ~ 100 ns up to the lifetime of the Universe (24 orders of magnitude) [221 l6Tl I13j . but this 
(undoable) justification is not yet enough to prove the DM nature of the particle. 

Erom the collider events with large in the case of non-observation of any BSM-signal, 

one can only set limits on the masses and couplings of a number of different WIMP-like particles 
that either depart from a detector tracelessly or fail to decay into detectable particles in the 
detector. The true DM particles constitute only a subset of this amount of undetected particles, 
and it is impossible to find model-independent answer to the question of how this subset is large. 

In many theories beyond the SM (like SUSY) there are two (or more) massive weakly inter¬ 
acting neutral particles, which are also potential candidates for collider DM particles, because 
these next-to-lightest particles also can undergo invisible decays and can produce E™®®-signature. 
Limits on such signatures tend to be stronger than bounds from direct collider searches for the 




70 


VADIM A. BEDNYAKOV DLNP, JINR, RUSSIA 


DM itself m- There is also a multi-component DM scenario, when a model may contain 
two (or more) different genuine DM particles, whose production in various combinations will 
inevitably lead at times to asymmetric event topologies 

There is a ’’hidden problem” with model-independence in the DM search. The results of 
any model-independent search must afterwards be implemented into one of the modern BSM 
models of particle physics, for example, supersymmetry. If one day the DM particles is found 
” in a model-independent way”, one inevitably meets a problem to find a proper place for these 
particles in a new (or still SUSY) model. Today the SUSY looks the best candidate for a model 
beyond the SM, it unifies all scales, interactions and energies (from extremely high to extremely 
low), it provides excellent DM particle candidate and so on. Instead of SUSY one can consider 
any adequate model of new physics. 

The only way to ’’detect DM particle with the LHC” can be realized with simultaneous 
experimental approval of a complete new physics model, such as SUSY, with all particle masses 
and couplings coherently described by a set of common parameters. In this case the ’’indirectly 
detected” lightest SUSY particle (LSP) will be the very wanted DM candidate (with proper 
galactic features, relic density, etc). 

There is no contradiction to look for the DM particles at the LHC within some realization of 
the SUSY model right from the very beginning. Often, a more specific model, like MSSM, makes 
sharper predictions at the cost of generality, but this cost allows verification, or ever complete 
rejection of the model. Any true DM particle discovery with the LHC is possible only together 
with the discovery of the SUSY. This is the second hint to go back to the SUSY. 

8.3. Still SUSY with RUN-II. There is a common belief that the particle physics accelerator 
experiments can create and study DM particles in the laboratory. SUSY models with R-parity 
conservation provide the stable WIMP in the form of the LSP (Lightest SUSY particle). WIMPs 
are usually the final product of cascade decays of heavier unstable SUSY particles accompanied 
by SM particles, in particular, with high transverse momentum p-p. Therefore one can observe 
^miss generated by escaped WIMP pairs only if the WIMP pair is tagged by a detectable SM 
particle yield (jet or photon from initial- or final state radiation) with right the same 
Furthermore, other LHC measurements can be used to constrain the underlying SUSY model 
and hence to extract information about the nature of DM, provided the LSP is a very good DM 
candidate. 

The only way to prove the existence of the DM particles at a collider is to prove it together 
with the SUSY. Unfortunately, this is a very complicated task. First, one should observe BSM- 
excesses in as many collider observables as possible; second, one should describe these excesses 
coherently with one set of the SUSY parameters. If the set of parameters gives correct DM 
density, the LSP can be considered as a true DM particle. 

A good example how the LHC helps to learn (within MSSM) something about DM, in par¬ 
ticular the relic density, is given in |126j . The relation of the LHC measurements to DM could 
have several steps. The 1st step is to look for deviations from the SM, for example, in the 
multi-jet-|- Up'®® signatures. If the deviations are observed, the 2nd step is to clarify the SUSY 
nature of them and to establish the SUSY mass scale using relevant inclusive variables. The 
3rd step includes determination of model parameters, selection of particular decay chains and 
use kinematics to determine mass combinations. Due to the escaping LSPs only the kinematic 
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endpoints in the invariant mass distributions of visible decay products can be used to estimate 
undetected particle masses and to derive the SUSY mass spectrum. As a result, one can obtain 
the MSSM parameters and the unification scale. 

At the end of this step one can perform (model-dependent) estimation of the relic density, 
which should have a correct value to allow the LSP to claim to be the cold DM candidate. 
Furthermore, to prove the DM nature of the LSP one inevitably needs extra information (from 
direct and indirect experiments) concerning the LSP lifetime and the LSP fraction in the ob¬ 
served astrophysical DM |126j . The LHC observed WIMP DM candidate could be only a part 
of the astrophysical DM m- 

The R-parity violation SUSY models can also contribute to the DM problem, but in the 
models the WIMP DM candidate can be produced not only by pairs but also in single mode, 
and should still have a lifetime (against decay into SM particles) compared with that of the 
Universe. The prospects for the R-parity violating DM search with accelerators are not yet well 
discussed, perhaps due to their complication and unclearness. 

The situation concerning possible discovery of the SUSY (together with the DM) looks much 
more promising for the LHC RUN-H (13-14 TeV), due to ”a bit large” mass of the Higgs boson 
|142| . In the SM the Higgs boson with mass 125-126 GeV makes the vacuum almost unstable 
and provides very significant indication of New Physics. The most promising candidate for New 
Physics is the SUSY |142j . This value of the Higgs mass requires a large loop correction and a 
high TeV-size SUSY scale. The scale can explain suppression of any SUSY contribution to FCNC 
(flavor-changing neutral current) processes and non-observation of (heavy strong interacting) 
sparticles in 7-8 TeV data. It also allows for light-mass uncolored sleptons and gauginos (gluino, 
charginos, neutralinos). 

Hence, contrary to RUN-I (8 TeV) RUN-H has a much better chance of observing these low- 
mass sparticles, in particular the LSP, the best SUSY DM candidate. Furthermore, it was shown 
that future direct DM experiments such as XENONIT will also be able to explore a large part 
of the SUSY parameter space consistent with the measured Higgs boson mass [142j . 

Therefore, it looks today promising, following Pran Nath’s paper |142j . to perform at the 
13-TeV LHC a comprehensive search for the SUSY, having in mind simultaneous search for the 
SUSY-DM candidate(s). According to John Ellis |358| . one should also strongly think about 
SUSY discovery, which ’’may not be far away”. 

The discovery of a light Higgs boson at the LHC opens a broad program of studies and mea¬ 
surements to understand the role of this particle in connection with New Physics and Cosmology. 
SUSY is the best motivated and most thoroughly formulated and investigated model of New 
Physics which predicts a light Higgs boson and can solve the DM problem |359| . 

This is the third hint to go back into the SUSY framework. 

8.4. The decisive role of direct DM detection technique. With the unique features of the 
LHC a new collider-DM-search community has appeared and has very quickly matured. The 
community has produced a number of experimental LHC-based DM search papers, accompanied 
with a huge amount of theoretical papers on the subject (see, for example, some of recent papers 
pnTl nm MIMR[36mm[3Mm[36miM7l [3681MCTITTR [37m 13731 [37ilimil37m 1377] i. 

Almost every day a paper with a new collider-related DM model is issued (see, for example, mi 
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1378113221137911380j '). It looks like the old-fashioned direct-DM-detection community, together 
with its traditions, achievements and main results, is shifted aside from the main stream on the 
way to solution of the DM problem. Some precaution here is in order. 

First of all one should decide whether an experimental research is aimed at real detection of a 
DM particle or its goal is to constrain the parameter space of some SUSY, BSM, EFT, simplified 
or any other model. These very different goals need very different strategies and will have very 
different results. This point should be clearly understood right from the very beginning. 

The above-mentioned discussion shows that with a collider one is unable to detect a true DM 
particle. One can only constraint the relevant parameter space either with the E^^^-signature, 
or with the endpoint or any other technique. Therefore, a collider DM search program inevitably 
can produce today only exclusion curves as a final result. In the case of an observation of a 
BSM signal, the curve can only be sharper and more decisive. 

Due to a common belief in non-yet-observation of the DM signal (DAMA/LIBRA is ignored), 
all different DM search techniques (section compete with each other only in the space of the 
exclusion curves. The goal of this competition has little sense, because it only shows who is 
today better in looking for nothing (who is a better excluder). 

A main physical reason to improve an exclusion curve is usually an attempt to constrain a 
SUSY-like or BSM model. From non-observation of the BSM signal one can push forward a 
business on reduction of the parameter space of the models. But it is not very promising and 
effective, the manifold and flexibility of these models are too large. Every day a new model 
appears. 

The famous model-independent EFT approach together with its modifications do not helps 
here, they make sense only for comparison of exclusion curves from different search techniques. 
New forms for a more sophisticated exclusion curve also appear M, but they still not help a 
lot with true DM detection, the goal is still competition and consistence between different DM 
searches. 

At the present and foreseeable level of experimental accuracy, simple fighting for the best 
exclusion curve is almost useless either for real DM detection or for substantial restrictions for 
SUSY. One should inevitably go beyond the exclusion curve paradigm and aim at registration 
of the DM particles. As was discussed above, this can only be done together with a discovery 
of a SUSY-like model. 

Furthermore, the key message here concerns the point that only direct DM observation can 
prove the existence of DM particles. Only in a direct DM experiment one can have a chance to 
see the galactic nature of the true DM particle population, via measuring the annual modulation 
of the recoil signal (section]^. This signature is inevitable to prove DM existence. There is no 
way from the key role of direct DM detection. The other DM search approaches — indirect, 
collider, astrophysical — can only help the direct DM detection, for example, with mass region 
search advice, local relic density estimates, etc. 

New generations of DM experiments right from their beginning should aim at detection of 
the DM particles. This will require development of new setups, which will be able to register 
positive signatures of the DM particle interactions with nuclear targets. 

One should try to obtain a reliable recoil energy spectrum. First, very accurate off-line in¬ 
vestigation of the measured spectrum allows one to single out different non-WIMP background 
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sources and to perform controllable background subtractions. Second, the spectrum allows one 
to look for the annual modulation effect, the only currently available positive signature of DM 
particle interactions with terrestrial nuclei. 

This effect is not simply a possibility (among many others) of rejecting background, but it 
is a unique signature which reflects the inner physical properties of the DM interaction with 
matter. It is a very decisive and eagerly welcomed feature, which is inevitable for the laboratory 
proof of the existence of the DM population nearby the Earth [1041 Ill4j . Furthermore, natural 
(solar, supernovae, geo-) neutrino background sooner or latter will be irreducible for direct DM 
search technique ms], and only a positive signature (like annual modulation, or directional 
correlations) will be able to eliminate it. 

9. Conclusion 

One is unable to prove, especially model-independently, a discovery of a dark matter particle 
with an accelerator. What one can do with an accelerator is only to discover evidence for 
existence of a weakly interacting (massive) particle (WIMP), which could be, or could not be a 
dark matter (DM) candidate. The WIMP is not yet a true DM particle. A true DM particle 
possesses a galactic signature, which one should clearly demonstrate. This signature — annual 
modulation of a signal — is nowadays accessible only for direct DM detection experiments. 
Therefore, to prove the DM nature of a collider-discovered candidate one must observe it together 
with this galactic signature in a direct DM search experiment. Colliders can only play here a 
role of a goal-pointer. Furthermore, being observed sooner or later, the DM particle must be 
implemented into a modern theoretical framework, like, for example, the Standard Model today, 
or the supersymmetry (SUSY) in the future. 

With this point in mind (together with high complexity of the DM problem), a better strategy 
may be to look for the DM particles openly relying on a SUSY model. In this model-dependent 
case determination of the DM properties will be a simple by-product of the SUSY model exper¬ 
imental observation. 

The current LHC DM search program uses only the missing transverse energy signature for 
the WIMP search in the data. Large-search over any possible final state with ATLAS has 
its own importance for the SUSY or any other beyond-SM theories. 

Non-observation of any excess above SM expectations forces the LHC experiments to enter 
into the same hghting for the best exclusion curve, in which almost all direct DM experiment 
took place. On this way the model-independent effective field theory approach is commonly 
used. But this fighting has nothing to do with the real goal to discover a DM particle, especially 
with an accelerator. 

Obviously, if one fails to find a DM-SUSY candidate (together with a SUSY) at the LHC, 
one must think about another very new BSM framework (or a new collider). It is on the other 
hand absolutely clear that the SUSY, although in contrast to others being preferred, is not the 
only candidate for the origin of DM, and other scenarios have also to be investigated. 

Perhaps, some words as a non-physical conclusion are in order. Every day at least one new 
paper with a new model concerning the DM subject can be found in the arXiv. Obviously, this 
fact reflects the highest level of interest in the DM problem, and one should not stop (or ever 
strongly reduce) issuing such kind of analysis and papers. A lot of very useful achievements 
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are connected with these works — detector, hardware, middleware, software development and 
study; PhD and PostDoc production and defenses; outreach, spin-off and by-products; society 
and people education, common scientific community, good international relations and future 
society organization, etc. Nevertheless, as a precaution, one should not forget with the above- 
mentioned papers and achievements about the main fundamental scientific goal — discovery of 
galactic dark matter particles. 
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